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Nh|zrugv= Hfrqrplf lqwhuolqndjhv/ joredo pdfurhfrqrphwulf prgholqj/ frq0
wdjlrq/ ulvn pdqdjhphqw1
MHO Fodvvlfdwlrq= F653/ H4:3/ J5331
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Ryhu wkh sdvw ghfdgh wkh zruog hfrqrp| kdv ehfrph lqfuhdvlqjo| joredol}hg
zlwk lpsruwdqw frqvhtxhqfhv iru wkh frqgxfw ri prqhwdu| dqg qdqfldo srolflhv
dqg ulvn pdqdjhphqw1 Lq vhwwlqj lqwhuhvw udwhv/ pruh wkdq hyhu ehiruh fhq0
wudo edqnhuv qhhg wr doorz iru wkh lqwhu0uhodwlrqvklsv wkdw h{lvw ehwzhhq wkhlu
hfrqrp| dqg wkh uhvw ri wkh zruog1 Pruhryhu/ wkh ulvn dqdo|vlv ri wkh qdqfldo
dfwlylwlhv ri frpphufldo edqnv qhhgv wr wdnh dffrxqw ri grphvwlf hfrqrplf frq0
glwlrqv dv zhoo dv wkh hfrqrplf frqglwlrqv ri frxqwulhv wkdw gluhfwo| ru lqgluhfwo|
lqxhqfh wkh orvv glvwulexwlrq ri edqnv* ordq sruwirolrv1
Dw wkh khduw ri dq| fuhglw ulvn dqdo|vlv lv d pdsslqj iurp vwdwhv ri wkh zruog
hfrqrplf frqglwlrqv wr wkh orvv +ru fkdqjh lq ydoxh, glvwulexwlrq ri wkh fuhglw
sruwirolr1 Edqjld hw do1 +5333, vkrz wkdw/ iru wkh XV fdvh/ wkh hfrqrplf fdslwdo
uhtxluhg wr fdslwdol}h d edqn gxulqj d uhfhvvlrq |hdu lv derxw 58063( kljkhu
wkdq gxulqj dq h{sdqvlrq |hdu1 Wkxv sruwirolrv zklfk duh glyhuvlhg dfurvv
lqgxvwulhv exw qrw dfurvv frxqwulhv uhpdlq gdqjhurxvo| wlhg wr wkdw vlqjoh ulvn
idfwru fdoohg wkh pdfurhfrqrp|1 Lqwhuqdwlrqdo glyhuvlfdwlrq khosv1 Fodun dqg
ydq Zlqfrrs +5334,/ frpsdulqj wkh XV dqg 47 HX frxqwulhv/ vkrz wkdw zlwklq
frxqwu| fruuhodwlrqv ri rxwsxw duh idu juhdwhu wkdq furvv0frxqwu| fruuhodwlrqv1
Edfnxv dqg Nhkrh +4<<5, vkrz wkdw rxwsxw fruuhodwlrqv ehwzhhq 43 pdmru lq0
gxvwuldol}hg frxqwulhv kdyh uhpdlqhg yhu| vwdeoh ryhu prvw ri wkh 53wk fhqwxu|1
Wkh prwlydwlrq ri olqnlqj d fuhglw sruwirolr prgho wr wkh pdfurhfrqrp| eh0
frphv txlwh fohdu= ehlqj deoh wr iruhfdvw wkh hfrqrp|/ hyhq zlwk huuru/ zloo
juhdwo| khos dq lqvwlwxwlrq sodq zlwk lwv ulvn pdqdjhphqw vwudwhj|1 Edqnv zlwk
lqwhuqdwlrqdo sruwirolrv +dqg wklv zrxog lqfoxgh prvw ri wkh wrs083 sod|huv jore0
doo|, duh wkhuhiruh kljko| prwlydwhg wr kdyh wkhlu pdfurhfrqrplf hqjlqh uhhfw
wkh jhrjudsklf glyhuvlfdwlrq ri wkhlu ordq sruwirolr1 Lq vkruw/ erwk frpphufldo
dqg fhqwudo edqnhuv qhhg wr zrun zlwk d joredo pdfurhfrqrphwulf prgho zklfk
lv fdsdeoh ri jhqhudwlqj iruhfdvwv iru d fruh vhw ri pdfurhfrqrplf idfwruv iru d
vhw ri uhjlrqv dqg frxqwulhv wr zklfk wkh| kdyh ulvn h{srvxuhv dqg h{solflwo| do0
orz iru lqwhufrqqhfwlrqv dqg lqwhughshqghqflhv wkdw h{lvw ehwzhhq qdwlrqdo dqg
lqwhuqdwlrqdo idfwruv lq d frkhuhqw dqg frqvlvwhqw pdqqhu1
Wklv sdshu dlpv wr surylgh vxfk d joredo prghoolqj iudphzrun e| pdnlqj xvh
ri uhfhqw dgydqfhv lq wkh dqdo|vlv ri frlqwhjudwlqj v|vwhpv1 Vr idu dssolfdwlrqv
ri wkh frlqwhjudwlqj dssurdfk kdyh ehhq frqqhg wr d vlqjoh frxqwu| fryhulqj
rqo| vrph ri wkh nh| pdfur0hfrqrplf yduldeohv1
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Zkloh lq sulqflsoh lw lv srvvleoh
wr h{whqg wkh dssurdfk wr prgho lqwhu0uhodwlrqvklsv dfurvv glhuhqw hfrqrplhv/
lq sudfwlfh gxh wr gdwd olplwdwlrqv vxfk d vwudwhj| zloo qrw eh ihdvleoh1 Lq dq
xquhvwulfwhg YDU prgho fryhulqj Q uhjlrqv wkh qxpehu ri xqnqrzq sdudphwhuv
ulvhv zlwk Q / dqg hyhq li zh irfxv rq d ihz nh| pdfurhfrqrplf lqglfdwruv vxfk
dv rxwsxw/ lqdwlrq/ lqwhuhvw udwh/ dqg h{fkdqjh udwh wkhuh zloo eh s+nQ  4,
xqnqrzq sdudphwhuv +qrw frxqwlqj lqwhufhswv ru rwkhu ghwhuplqlvwlf2h{rjhqhrxv
yduldeohv, wr eh hvwlpdwhg shu hdfk htxdwlrq/ zkhuh s lv wkh rughu ri wkh YDU
dqg n lv wkh qxpehu ri wkh hqgrjhqrxv yduldeohv shu uhjlrq1 Iru h{dpsoh/ lq
wkh fdvh ri d zruog hfrqrp| frpsrvhg ri 43 uhjlrqv zlwk s @ 5/ dqg n @ 8>
wkhuh zloo eh dw ohdvw dv pdq| dv <; xqnqrzq frhflhqwv wr eh hvwlpdwhg shu
htxdwlrq zlwk wkh dydlodeoh wlph vhulhv ehlqj ri wkh vdph rughu ri pdjqlwxgh iru
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dgydqfhg hfrqrplhv dqg riwhq pxfk ohvv lq wkh fdvh ri rwkhu uhjlrqv1
Lq ylhz ri wkhvh glfxowlhv joredo iruhfdvwlqj prghov duh riwhq iruphg e|
olqnlqj xs ri wkh wudglwlrqdo/ riwhq odujh0vfdoh/ pdfurhfrqrphwulf prghov gh0
yhorshg ruljlqdoo| iru wkh qdwlrqdo hfrqrplhv1 D surplqhqw h{dpsoh ri wklv
dssurdfk lv Oduu| Nohlq*v Surmhfw Olqn dgrswhg e| Xqlwhg Qdwlrqv1 D vlplodu
dssurdfk/ exw rq d vpdoohu vfdoh/ kdv ehhq iroorzhg e| lqwhuqdwlrqdo djhqflhv
vxfk dv LPI dqg RHFG1 Wkh Qdwlrqdo Lqvwlwxwh*v Joredo Hfrqrphwulf Prgho
+QlJHP, hvwlpdwhv2fdoleudwhv d frpprq prgho vwuxfwxuh dfurvv RHFG frxq0
wulhv/ Fklqd dqg d qxpehu ri uhjlrqdo eorfnv1 Wkh frxqwu|2uhjlrq vshflf prghov
lq QlJHP duh vwloo txlwh odujh hdfk frpsulvhg ri 930<3 htxdwlrqv zlwk 63 nh|
ehkdylrxudo uhodwlrqv1 Iru d uhfhqw ghwdlohg dffrxqw vhh Eduuhoo hw do1 +5334,1
Joredo prghov zlwk olplwhg jhrjudsklfdo fryhudjh kdyh dovr ehhq ghyhorshg1 Iru
h{dpsoh/ Udh dqg Wxuqhu +5334, ghyhors d vpdoo iruhfdvwlqj prgho fryhulqj wkh
Xqlwhg Vwdwhv/ wkh Hxur duhd dqg Mdsdq1 Wkhvh frqwulexwlrqv surylgh vljqli0
lfdqw lqvljkwv lqwr wkh lpsruwdqw lqwhu0olqndjhv wkdw h{lvw dprqj pdmru zruog
hfrqrplhv dqg kdyh suryhg hvvhqwldo lq joredo iruhfdvwlqj1 Qhyhuwkhohvv/ wkh|
duh glfxow wr xvh iru ulvn pdqdjhphqw sxusrvhv/ dqg gr qrw dghtxdwho| +iru
ulvn dqdo|vlv, dgguhvv wkh lpsruwdqw qdqfldo lqwhu0olqndjhv wkdw h{lvw dprqjvw
wkh zruog*v pdmru hfrqrplhv1
Lq wklv sdshu zh sursrvh d qhz dssurdfk wr prghoolqj ri wkh joredo hfrqrp|
zklfk dyrlgv vrph ri wkhvh olplwdwlrqv/ zkloh dw wkh vdph wlph surylglqj d frq0
vlvwhqw dqg h{leoh iudphzrun iru xvh lq d ydulhw| ri dssolfdwlrqv vxfk dv ulvn
pdqdjhphqw1 Zh uvw hvwlpdwh lqglylgxdo frxqwu| +ru uhjlrq, vshflf yhfwru
huuru0fruuhfwlqj prghov +YHFP, zkhuh wkh grphvwlf pdfur0hfrqrplf yduldeohv
vxfk dv Jurvv Grphvwlf Surgxfw +JGS,/ wkh jhqhudo sulfh ohyho/ wkh ohyho ri
vkruw0whup lqwhuhvw udwh/ h{fkdqjh udwh/ htxlw| sulfhv +zkhq dssolfdeoh, dqg
prqh| vxsso|/ duh uhodwhg wr fruuhvsrqglqj iruhljq yduldeohv frqvwuxfwhg h{fox0
vlyho| wr pdwfk wkh lqwhuqdwlrqdo wudgh sdwwhuq ri wkh frxqwu| xqghu frqvlghu0
dwlrq1 Iru sxusrvhv ri hvwlpdwlrq dqg lqihuhqfh wkhvh frxqwu|0vshflf iruhljq
yduldeohv fdq eh wuhdwhg dv h{rjhqrxv iru prvw hfrqrplhv zkhq Q lv vxflhqwo|
odujh> d qrwdeoh h{fhswlrq ri frxuvh ehlqj wkh XV hfrqrp|1 Wkh prgho iru wkh
XV fdq eh hvwlpdwhg e| wuhdwlqj prvw ri wkh yduldeohv dv hqgrjhqrxv1 Wkh lqgl0
ylgxdo frxqwu| prghov duh wkhq frpelqhg lq d frqvlvwhqw dqg frkhvlyh pdqqhu
wr jhqhudwh iruhfdvwv iru doo wkh yduldeohv lq wkh zruog hfrqrp| vlpxowdqhrxvo|1
Wkh sodq ri wkh sdshu lv dv iroorzv= Vhfwlrq 5 vhwv rxw wkh frxqwu|2uhjlrq
vshflf prghov dqg hvwdeolvkhv wkh lqwhu0olqndjhv ehwzhhq hdfk ri wkh hfrqrplhv
dqg wkh uhvw ri wkh zruog wkurxjk wudgh0edvhg zhljkwlqj pdwulfhv1 Wkh gli0
ihuhqw frxqwu|0vshflf YHFP prghov duh wkhq frpelqhg lq Vhfwlrq 6/ zkhuh
d frpsohwh vroxwlrq ri wkh joredo YDU +JYDU, prgho lv surylghg1 Vhfwlrq 7
h{dplqhv wkh huuru0fruuhfwlqj surshuwlhv ri wkh joredo prgho dqg vkrzv wkdw wkh
qxpehu ri orqj0uxq uhodwlrqvklsv lq wkh joredo prgho fdq qrw h{fhhg wkh vxp
ri wkh orqj0uxq uhodwlrqv ri wkh uhjlrq vshflf prghov1 G|qdplf surshuwlhv ri
wkh JYDU prgho dqg lwv vwdelolw| surshuwlhv duh glvfxvvhg lq Vhfwlrq 81 Vhfwlrq
9 ghulyhv lpsxovh uhvsrqvh ixqfwlrqv iru wkh dqdo|vlv ri vkrfnv lq rqh frxqwu|
rq wkh pdfur0hfrqrplf yduldeohv lq rwkhu frxqwulhv1 Vhfwlrq : frqvlghuv wkh
hvwlpdwlrq sureohp ri wkh frxqwu|0vshflf prghov/ zlwk wkh whfkqlfdo ghwdlov
surylghg lq Dsshqgl{ +D,1 Vhfwlrq ; glvfxvvhv wkh sudfwlfdo lvvxhv vxuurxqglqj
wkh frqvwuxfwlrq ri uhjlrqdo djjuhjdwhv1 Wr hqvxuh pd{lpxp joredo fryhudjh
zkloh nhhslqj wkh ulvn dqdo|vlv pdqdjhdeoh lw lv riwhq qhfhvvdu| wr zrun dw uh0
jlrqdo ohyhov dqg Vhfwlrq ; dovr dgguhvvhv wkh djjuhjdwlrq eldv wkdw wklv pd|
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hqwdlo dqg zd|v ri plqlpl}lqj vxfk d edvlv1 Dq hpslulfdo looxvwudwlrq ri wkh
dssurdfk lv vhw rxw lq Vhfwlrq </ zkhuh d JYDU prgho lq irxu frxqwulhv +XV/
Jhupdq|/ Fklqd dqg Mdsdq, dqg yh uhjlrqv +Zhvwhuq Hxursh/ Fhqwudo Hxursh/
Plggoh Hdvw/ Vrxwk Hdvw Dvld/ dqg Odwlq Dphulfd, lv hvwlpdwhg dqg dqdo|}hg1
Wklv vhfwlrq dovr uhsruwv d qxpehu ri lpsxovh uhvsrqvh ixqfwlrqv ghprqvwudwlqj
krz wkh prgho frxog eh xvhg lq wkh dqdo|vlv ri wkh wudqvplvvlrq ri vwrfn pdu0
nhw dqg lqwhuhvw udwh vkrfnv iurp rqh uhjlrq wr wkh uhvw ri wkh zruog hfrqrp|1
Vhfwlrq 43 rhuv vrph frqfoxglqj uhpdunv1 Dsshqgl{ +E, surylghv d vxppdu|
ri gdwd vrxufhv xvhg/ dv zhoo dv d eulhi dffrxqw ri wkh zd| uhjlrqdo vhulhv zhuh
frqvwuxfwhg1
 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Zh dvvxph wkhuh duh Q . 4 frxqwulhv +ru uhjlrqv, lq wkh joredo hfrqrp|/ lq0
gh{hg e| l @ 3> 4> 5> ===> Q 1 Zh dgrsw frxqwu| 3 dv wkh uhihuhqfh frxqwu|1 +XV
vhhpv dq reylrxv fkrlfh,1 Iru hdfk frxqwu| zh dvvxph wkdw wkh frxqwu| vsh0
flf yduldeohv duh uhodwhg wr wkh joredo hfrqrp| yduldeohv phdvxuhg dv frxqwu|0
vshflf zhljkwhg dyhudjhv ri iruhljq yduldeohv/ ghwhuplqlvwlf yduldeohv vxfk dv
wlph wuhqgv dqg h{rjhqrxvo| ghwhuplqhg yduldeohv vxfk dv rlo sulfhv ru rwkhu
udz pdwhuldo sulfhv1 Irfxvlqj uvw rq wkh grphvwlf dqg iruhljq yduldeohv rqo|/
zh prgho wkh uhodwlrqvklsv iru lqglylgxdo hfrqrplhv xvlqj wkh iroorzlqj vlpsoh
orj0olqhdu yhfwru dxwruhjuhvvlyh vshflfdwlrq=
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zkhuh {lw lv wkh nl4 frxqwu|0vshflf idfwruv2yduldeohv/ l lv d nlnl pdwul{ ri
dvvrfldwhg odjjhg frhflhqwv/ {lw lv wkh n

l 4 yhfwru ri iruhljq yduldeohv vshflf
wr frxqwu| l +wr eh ghqhg ehorz, zlwk l3 dqg l4 ehlqj nl  n

l pdwul{ ri
{hg frhflhqwv/ dqg %lw lv d nl4 yhfwru ri frxqwu|0vshflf vkrfnv dvvxphg wr
eh vhuldoo| xqfruuhodwhg zlwk d }hur phdq dqg d qrq0vlqjxodu fryduldqfh pdwul{/
	ll @ +ll>cv,/ zkhuh ll>cv @ fry+%lcw> %lvw,/ ru zulwwhq pruh frpsdfwo|
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%lw y l=l=g=+3>	ll,= +515,
Zh dovr doorz iru wkh vkrfnv wr eh fruuhodwhg dfurvv uhjlrqv1 Lq sduwlfxodu/ zh
dvvxph wkdw
H

%lw%
3
mw3

@ 	lm iru w @ w
3
>
@ 3 iru w 9@ w1
Wkh dvvxpswlrq wkdw wkh yduldqfh fryduldqfh pdwulfhv/ 	lm > l> m @ 3> 4> 5> ===>Q /
duh wlph lqyduldqw fdq eh uhod{hg/ exw iru wkh dqdo|vlv ri txdwhuo| revhuydwlrqv
wklv wlph lqyduldqw dvvxpswlrq pd| qrw eh wrr uhvwulfwlyh1 Krzhyhu/ zkhq wkh
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irfxv ri wkh dqdo|vlv lv rq frqwdjlrq ru vslooryhu hhfwv uhvxowlqj iurp v|vwhplf
ulvn lw pd| eh qhfhvvdu| wr frqvlghu uhjlph vzlwfklqj prghov zkhuh wkh sdudp0
hwhuv ri wkh uhjlrqdo prghov +lq sduwlfxodu 	lm, vzlwfk ehwzhhq d _qrupdo% dqg
d _fulvlv% vhw ri ydoxhv17 Wr dffrprgdwh vxfk hhfwv lw zrxog eh qhfhvvdu| wr
vshfl| dqg hvwlpdwh qrq0olqhdu vzlwfklqj uhjlrqdo prghov iurp zklfk d qrq0
olqhdu joredo prgho fdq eh ghulyhg/ dqg wklv lv eh|rqg wkh vfrsh ri wkh suhvhqw
sdshu1
W|slfdoo| {lw zloo lqfoxgh uhdo rxwsxw +|lw,> d jhqhudo sulfh lqgh{ +slw, ru lwv
udwh ri fkdqjh/ d uhdo htxlw| sulfh lqgh{ +tlw,/ wkh h{fkdqjh udwh +hlw/ phdvxuhg
lq whupv ri d uhihuhqfh fxuuhqf|/ vd| XV groodu,/ dq lqwhuhvw udwh +lw,> dqg uhdo
prqh| edodqfhv +plw,1 Wr irfxv lghdv zh vhw {lw @ +|lw> slw> tlw> hlw> lw>plw,
3/ zlwk
nl @ 91
8 Zh dvvxph wkdw wkhvh yduldeohv duh revhuyhg dw txduwhuo| iuhtxhqflhv>
|lw> slw> tlw> hlw> dqg plw duh phdvxuhg lq qdwxudo orjdulwkpv dqg lw lv dq lqwhuhvw
udwh yduldeoh1 Rxwsxw frxog eh phdvxuhg e| uhdo jurvv grphvwlf +ru qdwlrqdo,
surgxfw +JGS,> wkh jhqhudo sulfh ohyho e| wkh frqvxphu sulfh lqgh{ +FSL,/ wkh
uhdo htxlw| sulfh lqgh{ +zkhq dydlodeoh, frxog eh phdvxuhg e| eurdg pdunhw
lqglfhv vxfk dv wkh Vwdqgdug dqg Srru 833 lqgh{ lq wkh XV/ ru wkh Doo Wlphv
Vkduh lqgh{ lq wkh XN/ ghdwhg e| wkh FSL/ wkh uhdo prqh| vxsso| e| P3 ru
P5 phdvxuhv ri prqh| vxsso| ghdwhg e| wkh FSL/ dqg qdoo| wkh lqwhuhvw udwh
yduldeoh frxog eh hlwkhu wkh qrplqdo lqwhuhvw udwh rq wkuhh prqwkv Wuhdvxu| Eloo
udwh +ru lwv htxlydohqw,/ ru wkh +h{ srvw, uhdo lqwhuhvw udwh ghqhg dv wkh qrplqdo
udwh plqxv wkh udwh ri lqdwlrq19 Iru h{dpsoh/ d w|slfdo vhw ri hqgrjhqrxv
yduldeohv iru frxqwu| l +l 9@ 3,/ frxog eh=
|lw @ oq +JGSlw@FSLlw, >
slw @ oq+FSLlw,>
tlw @ oq+HTlw@FSLlw,>
plw @ oq +Plw@FSLlw, >
hlw @ oq+Hlw,>
lw @ 3=58  oq+4 .Ulw@433,>
<AAAAAA@
AAAAA>
+516,
zkhuh:
JGSlw @ Qrplqdo Jurvv Grphvwlf Surgxfw ri frxqwu| l
gxulqj shulrg w> lq grphvwlf fxuuhqf|/
FSLlw @ Frqvxphu Sulfh Lqgh{ lq frxqwu| l dw wlph w>
htxdo wr 4=3 lq d edvh |hdu +vd| 4<<9,/
Plw @ Qrplqdo Prqh| Vxsso| lq grphvwlf fxuuhqf|/
HTlw @ Qrplqdo Htxlw| Sulfh Lqgh{/
Hlw @ H{fkdqjh udwh ri frxqwu| l dw wlph w lq whupv ri XV grooduv/
Ulw @ Qrplqdo udwh ri lqwhuhvw shu dqqxp/ lq shu fhqw1
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Qrwlfh/ wkdw lq wkh fdvh ri wkh edvh hfrqrp| hlw @ 3 dqg {3w @ +|3w> s3w> t3w> 3w>p3w,
3
>
zlwk n3 @ 81 Dovr lq wkh fdvh ri vrph ri wkh hphujlqj pdunhw hfrqrplhv dqg
wkh qhzo| frqvwlwxwhg hfrqrplhv ri wkh Hdvwhuq Hxursh dqg Uxvvld zkhuh wkh
lqwhuhvw udwh dqg2ru wkh htxlw| sulfh lqgh{ pd| qrw eh dydlodeoh ryhu wkh zkroh
vdpsoh shulrg/ {lw pd| eh frqqhg wr wkh |lw> slw> hlw>plw> zlwk nl @ 71 Wkh
iruhljq yduldeohv +lqglfhv,/ ghqrwhg e| {lw> lv d n

l  4 yhfwru
; duh frqvwuxfwhg
dv zhljkwhg dyhudjhv/ zlwk frxqwu|2uhjlrq vshflf zhljkwv=
{

lw @ +|

lw> s

lw> t

lw> h

lw> 

lw>p

lw,
3
>
|

lw @
SQ
m@3
z
|
lm|mw> s

lw @
SQ
m@3
z
s
lmsmw>
t

lw @
SQ
m@3
z
t
lmtmw> h

lw @
SQ
m@4
z
h
lmhmw>


lw @
SQ
m@3z

lmmw> p

lw @
SQ
m@3z
p
lmpmw=
<AAA@
AAA>
+517,
Wkh zhljkwv z
|
lm / z
s
lm > z
t
lm > z
h
lm > z

lm > dqg z
p
lm iru l> m @ 3> 4> ===Q /
< frxog eh edvhg
rq wudgh vkduhv +qdpho| wkh vkduh ri frxqwu| m lq wkh wrwdo wudgh ri frxqwu| l
phdvxuhg lq XV grooduv, lq wkh fdvh ri |lw> s

lw> h

lw dqg p

lw dqg fdslwdo rzv lq
wkh fdvh ri htxlw| sulfh lqglfhv dqg lqwhuhvw udwhv/ tlw dqg 

lw1
43 Qrwlfh wkdw
z
|
ll @ z
s
ll @ z
t
ll @ z

ll @ z
p
ll @ z
h
ll @ 3> iru doo l=
Lw lv zruwk qrwlqj wkdw wkh h{fkdqjh udwh yduldeoh/ hlw/ ghqhg iru frxqwu|
l lv qrw wkh vdph dv wkh pruh idploldu frqfhsw ri wkh chhfwlyh h{fkdqjh udwh*1
Wr vhh wklv ghqrwh wkh h{fkdqjh udwh ri frxqwu| l lq whupv ri wkh fxuuhqf| ri
frxqwu| m e| Hlmw1 Wkhq
oq+Hlmw, @ oq+Hlw@Hmw, @ hlw  hmw= +518,
Ohw wkh wudgh vkduh ri frxqwu| l zlwk uhvshfw wr frxqwu| m eh zWlm dqg zulwh wkh
+orj, hhfwlyh h{fkdqjh udwh ri frxqwu| l dv +uhfdoo wkdw h3w @ 3,=
44
hlw @
Q[
m@3
z
W
lm+hlw  hmw,
@
3
C
Q[
m@3
z
W
lm
4
D hlw 
Q[
m@4
z
W
lmhmw=
Exw/
SQ
m@3
z
W
lm @ 4 dqg
hlw @ hlw 
Q[
m@4
z
W
lmhmw>
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ru
h

lw
@ hlw  hlw=
Rqo| lq wkh fdvh ri wkh edvh frxqwu| wkh wzr frqfhswv frlqflgh +dsduw iurp d
vljq frqyhqwlrq,=
h

3w @ h3w=
Lw lv dovr zruwk qrwlqj wkdw lq wkh fdvh ri frxqwulhv ru uhjlrqv wkdw dwwhpsw
wr pdlqwdlq +dssur{lpdwho|, d {hg hhfwlyh h{fkdqjh udwh e| shjjlqj wkhlu
fxuuhqf| wr d edvnhw ri fxuuhqflhv/ wkhuh zloo eh d forvh fruuhodwlrq ehwzhhq
hlw dqg h

lw
dqg iru sxusrvhv ri hfrqrphwulf dqdo|vlv lw zloo qrw eh dgylvdeoh
wr lqfoxgh h
lw
dv dq h{rjhqrxv yduldeoh lq {
lw
/ frqvlghulqj wkdw hlw lv douhdg|
lqfoxghg dprqjvw wkh hqgrjhqrxv yduldeohv1 Wkh lqfoxvlrq ri hlw lq wkh prgho
rxjkw wr eh vxflhqw wr dffrpprgdwh wkh srvvleoh hhfwv ri h{fkdqjh udwh
yduldwlrqv rq wkh grphvwlf hfrqrp|1 Iru wkh edvh hfrqrp|/ krzhyhu/ xqghu rxu
vhw xs h
3w
zloo eh ghwhuplqhg e| wkh prghov iru wkh uhvw ri wkh zruog yld htxdwlrq
+514,/ iru l @ 4> 5> ==> Q 1 Khqfh/ iru lqwhuqdo frqvlvwhqf| h3w pxvw eh wuhdwhg dv
dq h{rjhqrxv yduldeoh lq wkh prgho iru wkh edvh hfrqrp|1 Rwkhuzlvh/ wkhuh zloo
eh wzr vhwv ri htxdwlrqv h{sodlqlqj h
3w
> rqh htxdwlrq ghulyhg e| frpelqlqj wkh
h{fkdqjh udwh htxdwlrqv iurp wkh prghov iru wkh uhjlrqv l @ 4> 5> ==>Q / dqg d
vhfrqg htxdwlrq rewdlqhg gluhfwo| iurp wkh prgho ri frxqwu| l @ 3> li h
3w
lv
lqfoxghg lq wkdw prgho dv hqgrjhqrxv1
Wkh Q .4 frxqwu|0vshflf prghov/ +514,/ wrjhwkhu zlwk wkh uhodwlrqv olqnlqj
wkh h{rjhqrxv yduldeohv ri wkh frxqwu|0vshflf prghov wr wkh yduldeohv lq wkh
uhvw ri wkh joredo prgho/ +517,/ surylgh d frpsohwh v|vwhp1 Dv hpskdvl}hg lq
wkh lqwurgxfwlrq/ gxh wr gdwd olplwdwlrqv hyhq iru prghudwh ydoxhv ri Q / d ixoo
v|vwhp hvwlpdwlrq ri wkh joredo prgho lv qrw ihdvleoh1 Wr dyrlg wklv glfxow| zh
sursrvh wr hvwlpdwh wkh sdudphwhuv ri wkh frxqwu|0vshflf prghov vhsdudwho|/
wuhdwlqj wkh iruhljq sulfh yduldeohv dv h{rjhqrxvo| jlyhq rq wkh jurxqgv wkdw
prvw hfrqrplhv +srvvleo| zlwk wkh h{fhswlrq ri wkh XV, duh vpdoo uhodwlyh wr wkh
vl}h ri wkh zruog hfrqrp|1 Lq wklv dssurdfk wkh dffxudf| ri wkh dssur{lpdwlrq
lv olnho| wr lqfuhdvh zlwk wkh qxpehu ri frxqwulhv xqghu frqvlghudwlrq1
Dowkrxjk frxqwu|0vshflf prghov duh hvwlpdwhg vhsdudwho|/ zh qhyhuwkhohvv
pdlqwdlq d jhqhudo vshflfdwlrq iru wkh fruuhodwlrq ri vkrfnv dfurvv wkh glhuhqw
frxqwulhv2uhjlrqv1 Wklv h{lelolw| lv sduwlfxoduo| lpsruwdqw iru wkh vlpxodwlrq ri
orvv glvwulexwlrqv1 Lq jhqhudo/ wkh JYDU prgho doorzv iru lqwhudfwlrqv dprqjvw
wkh glhuhqw hfrqrplhv wkurxjk wkuhh vhsdudwh exw lqwhu0uhodwhg fkdqqhov=
41 Gluhfw ghshqghqfh ri {lw rq {

lw
dqg lwv odjjhg ydoxhv1
51 Ghshqghqfh ri wkh frxqwu|0vshflf yduldeohv rq frpprq joredo h{rjhqrxv
yduldeohv vxfk dv rlo sulfhv1 +vhh Vhfwlrq 8,1
61 Qrq0}hur frqwhpsrudqhrxv ghshqghqfh ri vkrfnv lq frxqwu| l rq wkh vkrfnv
lq frxqwu| m/ phdvxuhg yld wkh furvv frxqwu| fryduldqfhv/ 	lm > ghqhg e|
	lm @ Fry+%lw> %mw, @ H+%lw%
3
mw,> +519,
zkhuh %lw lv ghqhg e| +514,1 D w|slfdo hohphqw ri 	lm zloo eh ghqrwhg e|
lm>cv @ fry+%lcw> %mvw, zklfk lv wkh fryduldqfh ri wkh cwk yduldeoh lq frxqwu|
l zlwk wkh vwk yduldeoh lq frxqwu| m1
9
     !	 
Gxh wr wkh frqwhpsrudqhrxv ghshqghqfh ri wkh grphvwlf yduldeohv/ {lw/ rq wkh
iruhljq yduldeohv/ {lw/ wkh frxqwu|0vshflf YDU prghov +514, qhhg wr eh vroyhg
vlpxowdqhrxvo| iru doo wkh grphvwlf yduldeohv/ {lw> l @ 3> 4> ===> Q 1 Wkh vroxwlrq
fdq wkhq eh xvhg lq lpsxovh uhvsrqvh dqdo|vlv +dovr nqrzq dv wkh vfhqdulr vkrfn
dqdo|vlv, dqg iru h{ dqwh iruhfdvwlqj1 Iru wklv sxusrvh zh uvw ghqh wkh +nl .
nl , 4 yhfwru
}lw @

{lw
{

lw

> +614,
dqg uhzulwh +514, dv
Dl}lw @ dl3 .El}l>w4 . %lw> +615,
zkhuh
Dl @ +Lnl >l3,> El @ +l>l4,= +616,
Wkh glphqvlrqv ri Dl dqg El duh nl  +nl . n

l , dqg Dl kdv d ixoo froxpq udqn/
qdpho| Udqn+Dl, @ nl1
Froohfw doo wkh frxqwu|0vshflf yduldeohv wrjhwkhu lq wkh n  4 yhfwru }w @
+|3w>s
3
w>t
3
w> h
3
w>
3
w>p
3
w,
3/ zkhuh n @
SQ
l@3 nl lv wkh wrwdo qxpehu ri wkh hqgrjhqrxv
yduldeohv lq wkh joredo prgho dqg
|w @ +|3w> |4w> ====> |Qw,
3> sw @ +s3w> s4w> ====> sQw,
3>
tw @ +t3w> t4w> ====> tQw,
3> hw @ +h4w> ====> hQw,
3>
w @ +3w> 4w> ====> Qw,
3> dqg pw @ +p3w>p4w> ====>pQw,
3=
Lq wkh fdvh zkhuh doo wkh vl{ pdlq yduldeohv duh suhvhqw dfurvv doo wkh frxq0
wulhv2uhjlrqv wkhq n @ 9Q . 81 Qrwlfh wkdw h
3w @ 3 dqg hw dw prvw zloo eh Q
glphqvlrqdo1
Lw lv qrz hdvlo| vhhq wkdw wkh frxqwu| vshflf yduldeohv fdq doo eh zulwwhq lq
whupv ri }w=
}lw @Zl}w/ l @ 3> 4> 5> ===> Q / +617,
zkhuhZl lv d +nl.n

l ,n pdwul{ ri {hg +nqrzq, frqvwdqwv ghqhg lq whupv ri
wkh frxqwu| vshflf zhljkwv z
|
lm / z
s
lm > z
t
lm > z
h
lm > z

lm > dqg z
p
lm 1 Zl fdq eh ylhzhg
dv colqn* pdwul{ wkdw doorzv wkh frxqwu|0vshflf prghov wr eh zulwwhq lq whupv
ri wkh joredo yduldeoh yhfwru/ }w1
Xvlqj +617, lq +615, zh kdyh=
DlZl}w @ dl3 .ElZl}w4 . %lw>
zkhuh DlZl dqg ElZl duh erwk nl  n glphqvlrqdo pdwulfhv1 Vwdfnlqj wkhvh
htxdwlrqv qrz |lhogv=
J}w@ d3.K}w4.%w> +618,
zkhuh
d
3
@
3
EEEC
d
33
d
43
111
dQ3
4
FFFD > %w@
3
EEEC
%
3w
%
4w
111
%Qw
4
FFFD > +619,
:
J @
3
EEEC
D
3
Z
3
D
4
Z
4
111
DQZQ
4
FFFD > K @
3
EEEC
E
3
Z
3
E
4
Z
4
111
EQZQ
4
FFFD = +61:,
Lw lv hdvlo| vhhq wkdw J lv d n  n glphqvlrqdo pdwul{ dqg lq jhqhudo zloo eh ri
ixoo udqn/ dqg khqfh qrq0vlqjxodu1 Wkhq wkh JYDU prgho lq doo wkh yduldeohv
fdq eh zulwwhq dv
}w @J
4
d
3
.J4K}w4 .J
4
%w>
zklfk pd| dovr eh vroyhg uhfxuvlyho| iruzdug wr rewdlq wkh ixwxuh ydoxhv ri }w1
Vhh Vhfwlrq 8 ehorz iru ixuwkhu ghwdlov1
Lw lv zruwk looxvwudwlqj wkh deryh vroxwlrq whfkqltxh e| phdqv ri d vlpsoh
h{dpsoh1 Frqvlghu d joredo prgho frpsrvhg ri wkuhh uhjlrqv lq wkuhh yduldeohv/
vd| rxwsxw/ sulfhv/ rxwsxw h{fkdqjh udwhv +doo lq orjv,1 Wkhq
}w@
3
EEEEEEEEEEC
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|
4w
|
5w
s
3w
s
4w
s
5w
h
4w
h
5w
4
FFFFFFFFFFD
> }
3w @
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EEEEC
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s
3w
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3w
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3w
h
3w
4
FFFFD
> }lw @
3
EEEEEEC
|lw
slw
hlw
|lw
slw
hlw
4
FFFFFFD
> l @ 4> 5=
Xvlqj wkh wudgh vkduhv/ zWlm / wr frqvwuxfw wkh iruhljq yduldeohv dqg uhfdoolqj wkdw
h
3w @ z
W
34
h
4w . z
W
35
h
5w>
h
4w @ z
W
45
h
5w>
h
5w @ z
W
54
h
4w>
wkhq wkh olqn pdwulfhv iru wkhvh wkuhh uhjlrqv duh
Z
3
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3
EEEEC
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45
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zW
53
zW
54
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53
zW
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=
;
Qrwlfh wkdw wkh frxqwu|0vshflf zhljkwv duh qrq0qhjdwlyh dqg vdwlvi| wkh dgglqj
xs uhvwulfwlrqv zW
34
. zW
35
@ 4> zW
43
. zW
45
@ 4> zW
53
. zW
54
@ 41 Ixuwkhupruh/ lq
wkh fdvh zkhuh wudgh vkduhv duh qrq0}hur lw lv hdvlo| vhhq wkdw wkh olqn pdwulfhv
duh ri ixoo urz udqnv/ d surshuw| wkdw zloo eh ri lpsruwdqfh zkhq zh frph
wr frqvlghu wkh huuru0fruuhfwlrq surshuwlhv ri wkh joredo prgho lq wkh iroorzlqj
vhfwlrq1 Ilqdoo|/
D
3
@ +L5>33, > D4 @ +L6>43, > D5 @ +L6>53, >
zkhuh Lv lv dq lghqwlw| pdwul{ ri rughu v1 Xvlqj wkh deryhZl dqg Dl pdwulfhv
wkh J pdwul{ ghqhg e| +61:, fdq qrz eh uhdglo| frqvwuxfwhg1 Lq wklv h{dpsoh
J lv ; ; dqg pxvw eh qrq0vlqjxodu li wkh joredo prgho lv wr eh frpsohwh145
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Lw lv ri lqwhuhvw wr vhh wkh h{whqw wr zklfk huuru0fruuhfwlqj surshuwlhv ri wkh
frxqwu|2uhjlrq vshflf prghov duh uhhfwhg lq wkh joredo prgho/ +618,1 Uhzulwlqj
+514, lq wkh huuru0fruuhfwlrq irup
{lw @ dl3  +Lnl l,{l>w4 . +l3 .l4,{

l>w4
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dqg xvlqj +614,
{lw @ dl3  +DlEl,}l>w4 .l3{

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. %lw> +715,
zkhuh dv ehiruh }lw @ +{
3
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lw
,3/ dqg Dl dqg El duh douhdg| ghqhg e| +616,1
Wkh huuru0fruuhfwlrq surshuwlhv ri wkh prgho iru frxqwu|2uhjlrq l lv vxppdul}hg
lq wkh nl  +nl . n

l
, pdwul{
l @ DlEl= +716,
Lq sduwlfxodu/ wkh udqn ri l/ vd| ul  nl/ vshflhv wkh qxpehu ri _orqj0uxq%
uhodwlrqvklsv wkdw h{lvwv dprqjvw wkh grphvwlf dqg wkh frxqwu|0vshflf iruhljq
yduldeohv/ qdpho| / {lw dqg {

lw
1 Wkhuhiruh/ iroorzlqj Mrkdqvhq +4<<4, zh kdyh
DlEl @ l 
3
l
> +717,
zkhuh l lv wkh nl  ul ordglqj pdwul{ ri ixoo froxpq udqn/ dqg l lv wkh +nl .
n

l
, ul pdwul{ ri frlqwhjudwlqj yhfwruv/ dovr ri ixoo froxpq udqn1
Frqvlghu qrz wkh joredo prgho/ jlyhq e| +618,/ zklfk kdv wkh iroorzlqj huuru0
fruuhfwlrq irup
J}w@ d3  +JK,}w4.%w= +718,
Wkh qxpehu ri orqj0uxq uhodwlrqvklsv lq wkh joredo prgho lv vlploduo| ghwhuplqhg
e| wkh udqn ri JK1 Xvlqj +61:, dqg +717, zh uvw qrwh wkdw
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zklfk fdq eh zulwwhq htxlydohqwo| dv
JK @  
3
>
zkhuh  lv wkh n  u eorfn gldjrqdo pdwul{ ri wkh joredo +vwuxfwxudo, ordglqj
frhflhqwv
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nl= Lw lv fohdu wkdw Udqn+, @
S
Q
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Udqn+l, @ u1
Frqvlghu qrz wkh joredo n  u frlqwhjudwlqj pdwul{ 1 Hdfk ri wkh eorfnv
lq / qdpho| Z
3
l

l
/ duh ri glphqvlrq n  ul zlwk udqn dw prvw htxdo wr ul1
Wkhuhiruh/ wkh udqn ri  zloo eh dw prvw htxdo wr u1 Qdpho|/ wkh qxpehu ri
wkh orqj0uxq uhodwlrqvklsv lq wkh joredo prgho fdq qrw h{fhhg wkh vxp ri wkh
qxpehuv ri orqj0uxq uhodwlrqv wkdw h{lvw dw wkh frxqwu|2uhjlrq vshflf prghov1
Zkhwkhu wkh qxpehu ri wkh orqj0uxq uhodwlrqvklsv lq wkh joredo prgho lv htxdo
wr wklv xsshu erxqg ghshqgv rq wkh qdwxuh ri wkh olqn pdwulfhv/ Zl/ dqg wkh
frxqwu|0vshflf orqj0uxq uhodwlrqv/ l1
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Lq wklv vhfwlrq zh vkdoo frqvlghu wkh g|qdplf surshuwlhv ri d voljkwo| jhqhudol}hg
yhuvlrq ri wkh joredo prgho wkdw doorzv iru ghwhuplqlvwlf wuhqgv dqg _frpprq
joredo yduldeohv% vxfk dv rlo sulfhv1 Zlwk wklv lq plqg uvw frqvlghu wkh iroorzlqj
jhqhudol}dwlrq ri +514,
{lw @ dl3.dl4w.l{l>w4.l3{
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l>w4.l3gw.l4gw4.%lw> +814,
iru w @ 4> 5> ===> W> dqg l @ 3> 4> 5> ===> Q / zkhuh gw lv dq v  4 yhfwru ri frpprq
joredo yduldeohv dvvxphg wr eh h{rjhqrxv wr wkh joredo hfrqrp|/ dqg dl4 lv d
nl4 yhfwru ri olqhdu wuhqg frhflhqwv1 Wkh joredo prgho dvvrfldwhg zlwk wkhvh
frxqwu| vshflf prghov lv qrz jlyhq e|
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4gw4.%w>
zkhuh d3/ J/ K dqg %w duh dv douhdg| ghqhg e| +619, dqg +61:,/ dqg
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Dvvxplqj J lv qrq0vlqjxodu zh qrz kdyh wkh iroorzlqj uhgxfhg0irup joredo
prgho
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Vxssrvh qrz wkdw wkh joredo hfrqrp| lv revhuyhg ryhu wkh shulrg w @
4> 5> ===> W / dqg zh zlvk wr iruhfdvw }w ryhu wkh ixwxuh shulrgv w @ W . 4> W .
5> ====> W . q/ zkhuh q lv wkh iruhfdvw krul}rq1 Zh dvvxph wkdw wkh sdudphwhuv
dqg wkh ydoxhv ri wkh h{rjhqrxv yduldeohv gw iru w @ W . 4> W . 5> === duh jlyhq1
Wkhq vroylqj wkh glhuhqfh htxdwlrq +816, iruzdug zh rewdlq=
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Wklv vroxwlrq kdv irxu glvwlqfw frpsrqhqwv= Wkh uvw frpsrqhqw/ xq}W / phd0
vxuhv wkh hhfw ri lqlwldo ydoxhv/ }W / rq wkh ixwxuh vwdwh ri wkh v|vwhp1 Wkh vhfrqg
frpsrqhqw fdswxuhv wkh ghwhuplqlvwlf wuhqgv hperglhg lq wkh xqghuo|lqj YDU
prgho1 Wkh wklug frpsrqhqw phdvxuhv wkh hhfw ri wkh joredo h{rjhqrxv ydul0
deohv/ gw/ rq wkh prgho*v hqgrjhqrxv yduldeohv/ }w1 Ilqdoo|/ wkh odvw whup lq +818,
uhsuhvhqwv wkh vwrfkdvwlf +xqsuhglfwdeoh, frpsrqhqw ri }W.q1 Wkh srlqw iruh0
fdvwv ri wkh hqgrjhqrxv yduldeohv frqglwlrqdo rq wkh lqlwldo vwdwh ri wkh v|vwhp
dqg wkh h{rjhqrxv joredo yduldeohv duh qrz jlyhq e|
}

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Wkh suredelolw| glvwulexwlrq ixqfwlrq ri }W.q/ qhhghg iru wkh frpsxwdwlrq ri
wkh orvv glvwulexwlrq ri d jlyhq sruwirolr/ fdq dovr eh rewdlqhg xqghu vxlwdeoh
dvvxpswlrqv frqfhuqlqj wkh suredelolw| glvwulexwlrq ixqfwlrq ri wkh vkrfnv/ %w1
Xqghu wkh dvvxpswlrq wkdw %w lv qrupdoo| glvwulexwhg zh kdyh
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q
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zkhuh }W.q lv jlyhq e| +819,/ dqg
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zkhuh 	 lv wkh n  n yduldqfh0fryduldqfh pdwul{ ri wkh vkrfnv/ %w1 Qrwh wkdw
wkh +l> m, eorfn ri 	 lv jlyhq e| 	lm zklfk lv ghqhg e| +519,1 Wkh hvwlpdwlrq
ri 	lm dqg wkh rwkhu sdudphwhuv zloo eh dgguhvvhg ehorz1
Wkh g|qdplf surshuwlhv ri wkh joredo prgho fuxfldoo| ghshqgv rq wkh hljhq0
ydoxhv ri x1 Lq wkh wuhqg0vwdwlrqdu| fdvh zkhuh doo wkh urrwv ri x olh lqvlgh wkh
xqlw flufoh/ }W.q zloo kdyh d vwdeoh glvwulexwlrq dqg zloo vdwlvi| wkh iroorzlqj
surshuwlhv=
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 Wkh ghshqghqfh ri }W.q rq wkh lqlwldo ydoxhv/ }W / zloo glvdsshdu iru vx0
flhqwo| odujh ydoxhv ri q/ wkh iruhfdvw krul}rq1
 Wkh iruhfdvw fryduldqfh pdwul{/ q/ zloo frqyhujh wr d qlwh ydoxh dv
q$41
 Wkh srlqw iruhfdvwv/ }W.q/ zloo h{klelw wkh vdph olqhdu wuhqglqj surshuw|
dv wkh rqh vshflhg lq wkh xqghuo|lqj frxqwu|0vshflf YDU prghov1
Lq frqwudvw/ zkhq rqh ru pruh urrwv ri x idoo rq wkh xqlw flufoh qrqh ri wkh
deryh surshuwlhv krog146 Wkh xqlw hljhqydoxhv fruuhvsrqg wr wkh xqlw urrwv dqg
frlqwhjudwlqj surshuwlhv ri wkh ydulrxv yduldeohv lq wkh joredo YDU prgho1
 Wkh pxowlsolhu pdwul{xq frqyhujhv wr d qrq0}hur pdwul{ ri {hg frqvwdqwv
hyhq li q lv doorzhg wr lqfuhdvh zlwkrxw erxqg/ dqg wkh ghshqghqfh ri }W.q
rq wkh lqlwldo ydoxhv grhv qrw glvdsshdu dv q$41
 Wkh iruhfdvw fryduldqfh pdwul{/ q> zloo ulvh olqhduo| zlwk q> lqglfdwlqj d
vwhdg| ghwhulrudwlrq lq wkh suhflvlrq zlwk zklfk ydoxhv ri }W.q duh iruhfdvw
zlwk wkh krul}rq/ q1
 Ilqdoo|/ wkh olqhdu wuhqg lq wkh xqghuo|lqj YDUprgho zkhq frpelqhg zlwk
d xqlw urrw lq x jhqhudwhv d txdgudwlf wuhqg lq wkh ohyho ri wkh yduldeohv1
Vrph ri wkh deryh xqghvludeoh ihdwxuhv fdq eh dyrlghg ru e| sdvvhg1 Iru h{0
dpsoh/ wr dyrlg lqfuhdvlqj iruhfdvw huuru yduldqfhv rqh frxog irfxv rq iruhfdvwlqj
jurzwk udwhv +xvlqj wkh JYDU lq ohyhov,1 Txdgudwlf wuhqgv fdq eh holplqdwhg
e| uhvwulfwlqj wkh wuhqg frhflhqwv/ e4 lq +816, vr wkdw
e4 @ +Ln x,>
zkhuh  lv d n 4 yhfwru ri {hg frqvwdqwv1
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Lq whupv ri wkh wuhqg frhflhqwv
ri wkh xqghuo|lqj YDU prghov zh kdyh
d4 @ +JK,=
Wr lpsrvh wkhvh uhvwulfwlrqv zh qhhg wr hvwlpdwh wkh joredo prgho +816,/ frp0
sulvlqj doo wkh frxqwulhv2uhjlrqv vlpxowdqhrxvo| 0 zklfk lv qrw ihdvleoh1 Dq dowhu0
qdwlyh surfhgxuh zrxog eh wr lpsrvh wkh uhvwulfwlrqv rq wkh wuhqg frhflhqwv dw
wkh frxqwu|2uhjlrq ohyho/ qdpho| wr hvwlpdwh wkh frxqwu|2uhjlrq prghov vxemhfw
wr wkh uhvwulfwlrqv
dl4 @ +Dl El,l> +81<,
zkhuh l lv d +nl . n

l
, 4 yhfwru ri {hg frqvwdqwv1 Wklv vshflfdwlrq lpsrvhv
nl . n

l
 ul uhvwulfwlrqv rq wkh wuhqg frhflhqwv/ zkhuh ul lv wkh frlqwhjudwlqj
udqn ri frxqwu|0vshflf prgho/ qdpho| Udqn+Dl  El, @ ul1 Wklv hvwlpdwlrq
sureohp lv ihdvleoh dqg fdq eh dfklhyhg e| phdqv ri uhgxfhg0udqn uhjuhvvlrq
whfkqltxhv1 Vhh Vhfwlrq : ehorz1
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Rqh ri wkh lpsruwdqw wrrov lq wkh dqdo|vlv ri g|qdplf v|vwhpv lv wkh lpsxovh
uhvsrqvh ixqfwlrq/ zklfk fkdudfwhul}h wkh srvvleoh uhvsrqvh ri wkh v|vwhp dw
glhuhqw ixwxuh shulrgv wr wkh hhfw ri vkrfnlqj rqh ri wkh yduldeohv lq wkh prgho1
Iru h{dpsoh/ lw pd| eh ri lqwhuhvw wr zrun rxw wkh hhfw ri d vkrfn ri d jlyhq vl}h
wr wkh \hq2Groodu h{fkdqjh udwh rq wkh hyroxwlrq ri uhdo rxwsxw lq Jhupdq|1 Lq
fduu|lqj rxw vxfk dq dqdo|vlv lw lv lpsruwdqw wkdw wkh fruuhodwlrq zklfk h{lvwv
dfurvv wkh glhuhqw vkrfnv/ erwk zlwklq hdfk frxqwu| dqg dfurvv wkh glhuhqw
frxqwulhv/ duh dffrxqwhg iru lq dq dssursuldwh pdqqhu1 Lq wkh wudglwlrqdo YDU
olwhudwxuh wklv lv dffrpsolvkhg e| phdqv ri wkh ruwkrjrqdol}hg lpsxovh uhvsrqvhv
+RLU, d od Vlpv +4<;3,/ zkhuh lpsxovh uhvsrqvhv duh frpsxwhg zlwk uhvshfw wr
d vhw ri ruwkrjrqdol}hg vkrfnv/ vd| w/ lqvwhdg ri wkh ruljlqdo vkrfnv/ %w1 Wkh
olqn ehwzhhq wkh wzr vhwv ri vkrfnv duh jlyhq e|
w @ S
4%w>
zkhuh S lv d n n orzhu wuldqjxodu Fkhrohvn| idfwru ri wkh yduldqfh fryduldqfh
pdwul{/ Fry+%w, @ 	/ qdpho|
SS
3 @ 	= +914,
Wkhuhiruh/ e| frqvwuxfwlrq H+w
3
w, @ Ln1 Wkh n4 yhfwru ri wkh ruwkrjrqdol}hg
lpsxovh uhvsrqvh ixqfwlrq ri d xqlw vkrfn +htxdo wr rqh vwdqgdug huuru, wr wkh
mwk htxdwlrq rq }w.q lv jlyhq e|
#rm+q, @ x
q
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SUm > q @ 3> 4> 5> ===> +915,
zkhuh Um lv dq n4 vhohfwlrq yhfwru zlwk xqlw| dv lwv mwk hohphqw +fruuhvsrqglqj
wr d sduwlfxodu vkrfn lq d sduwlfxodu frxqwu|, dqg }hurv hovhzkhuh1
Wkh ruwkrjrqdol}hg lpsxovh uhvsrqvh ixqfwlrq lv xvxdoo| xvhg iru vpdoo v|v0
whpv wkdw dgplw d qdwxudo fdxvdo rughulqj iru wkh yduldeohv lq wkh YDU1 Exw lq
jhqhudo vxfk d qdwxudo rughulqj grhv qrw h{lvw dqg wkh RLU ixqfwlrqv duh qrw
xqltxh dqg vrphwlph ghshqg fulwlfdoo| rq wkh rughu lq zklfk wkh yduldeohv duh
lqfoxghg lq wkh YDU1 Lq wkh fdvh ri wkh joredo YDU prgho wkh ruwkrjrqdol}hg
lpsxovh uhvsrqvhv dovr ghshqg rq wkh rughu lq zklfk wkh yduldeohv iurp glhuhqw
uhjlrqv2frxqwulhv duh vwdfnhg lq }w$ Pdwkhpdwlfdoo|/ wklv qrq0lqyduldqfh surs0
huw| ri wkh ruwkrjrqdol}hg lpsxovh uhvsrqvhv lv vlpso| gxh wr wkh qrq0xqltxhqhvv
ri wkh Fkrohvn| idfwru/ S1
Dq dowhuqdwlyh dssurdfk zklfk lv lqyduldqw wr wkh rughulqj ri wkh yduldeohv
dqg wkh frxqwulhv lq wkh joredo YDU zrxog eh wr xvh +818, gluhfwo|/ vkrfn rqo|
rqh hohphqw/ vd| wkh mwk vkrfn lq %w> fruuhvsrqglqj wr wkh cwk yduldeoh lq wkh
lwk frxqwu|/ dqg lqwhjudwh rxw wkh hhfwv ri rwkhu vkrfnv xvlqj dq dvvxphg ru
wkh klvwrulfdoo| revhuyhg glvwulexwlrq ri wkh huuruv1 Wklv dssurdfk lv dgydqfhg
lq Nrrs/ Shvdudq dqg Srwwhu +4<<9,/ dqg Shvdudq dqg Vklq +4<<;, dqg |lhogv
wkh jhqhudol}hg lpsxovh uhvsrqvh +JLU, ixqfwlrq1
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zkhuh Lw @ +}w> }w4> === , lv wkh lqirupdwlrq vhw dw wlph w 4/ dqg gw lv dvvxphg
wr eh jlyhq h{rjhqrxvo|1 Rq wkh dvvxpswlrq wkdw %w kdv d pxowlyduldwh qrupdo
glvwulexwlrq dqg xvlqj +818, lw lv qrz hdvlo| vhhq
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zklfk phdvxuhv wkh hhfw ri rqh vwdqgdug huuru vkrfn wr wkh mwk htxdwlrq +fru0
uhvsrqglqj wr wkh cwk yduldeoh lq wkh lwk frxqwu|, dw wlph w rq h{shfwhg ydoxhv
ri } dw wlph w.q1 #
j
m +q, zloo eh lghqwlfdo wr #
r
m+q, zkhq 	 lv gldjrqdo ru zkhq
wkh irfxv ri wkh dqdo|vlv lv rq wkh lpsxovh uhvsrqvh ixqfwlrq ri vkrfnlqj wkh uvw
hohphqw ri %w1
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Lq wklv vxe0vhfwlrq zh ghulyh jhqhudol}hg lpsxovh uhvsrqvh ixqfwlrqv iru d xqlw
vkrfn wr wkh l wk h{rjhqrxv yduldeoh/ glw1 Iru wklv sxusrvh zh qhhg wr vshfli|
d g|qdplf surfhvv iru wkh h{rjhqrxv yduldeohv1 Vxssrvh gw iroorzv d uvw rughu
dxwruhjuhvvlyh surfhvv=48
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zkhuh g lv dq v4 yhfwru ri frqvwdqwv/ g lv vv pdwul{ ri odjjhg frhflhqwv/
w lv dq v4 yhfwru ri vkrfnv wr wkh h{rjhqrxv yduldeohv/ dqg	g lv wkh fryduldqfh
pdwul{ ri wkhvh vkrfnv zklfk zh dvvxph frxog eh vlqjxodu1 Wklv doorzv iru wkh
srvvlelolw| wkdw vrph ri wkh hohphqwv ri gw frxog eh shuihfwo| suhglfwdeoh +vxfk
dv olqhdu wuhqgv/ ghwhuplqlvwlf vhdvrqdo hhfwv/ hwf1,1 Dv ehiruh wkh jhqhudol}hg
lpsxovh uhvsrqvh ixqfwlrq ri wkh hhfw ri d xqlw vkrfn wr wkh l wk h{rjhqrxv
yduldeoh rq wkh yhfwru ri wkh hqgrjhqrxv yduldeohv q shulrgv dkhdg lv ghqhg
e|=
JL}=gl+q> g>ll> Lw4, @ H

}w.qm glw @ sg>ll> Lw4
H +}w.qm Lw4,
zkhuh g>ll lv wkh l  wk gldjrqdo hohphqw ri 	g1 Xvlqj +816, lw lv qrz hdvlo|
vhhq wkdw
JL}=gl+q> g>ll> Lw4, @ x JL}=gl+q 4> g>ll> Lw4, .
3JLg=gl+q> g>ll> Lw4, .

4JLg=gl+q 4> g>ll> Lw4,> +919,
iru q @ 3> 4> 5> ===/ zkhuh JL}=gl+q 4> g>ll> Lw4, @ 3/ iru q ? 4
JL}=gl+3> g>ll> Lw4, @ 
3JLg=gl+3> g>ll> Lw4,=
Vlploduo|/
JLg=gl+3> g>ll> Lw4, @
4s
g>ll
	gGl>
zkhuh Gl lv d v  4 vhohfwlrq yhfwru zlwk lwv l  wk hohphqw xqlw| dqg rwkhu
hohphqwv }hur/ dqg
JLg=gl+q> g>ll> Lw4, @ gJLg=gl+q 4> g>ll> Lw4,/ iru q @ 4> 5> ===
Khqfh
JLg=gl+q> g>ll> Lw4, @
4s
g>ll

q
g	gGl=
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Vxevwlwxwlqj wklv uhvxow lq +919, zh kdyh
JL}=gl+q> g>ll> Lw4, @ x JL}=gl+q4> g>ll> Lw4,.
4s
g>ll
+
3g.
4,
q4
g
	gGl>
+91:,
iru q @ 4> 5> ===/ zkhuh
JL}=gl+3> g>ll> Lw4, @
4s
g>ll

3	gGl= +91;,
Lq wkh vlpsoh fdvh zkhuh g lv d vfdodu yduldeoh +vxfk dv rlo sulfhv,
4s
g>ll
	gGl @
s
g>ll1
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Dv zdv srlqwhg rxw hduolhu d v|vwhp hvwlpdwlrq ri wkh YDU prgho lq +816, zloo
qrw eh srvvleoh hyhq iru prghudwh ydoxhv ri Q 1 Wkh xqfrqvwudlqhg hvwlpdwlrq
ri +816, zrxog lqyroyh hvwlpdwlqj d odujh qxpehu ri sdudphwhuv riwhq juhdwhu
wkdq wkh qxpehu ri dydlodeoh revhuydwlrqv$ Exw wkh prghoolqj dssurdfk vhw
rxw deryh lv ihdvleoh hyhq iru d uhodwlyho| odujh ri qxpehu ri frxqwu|2uhjlrqv1
Wklv lv gxh wr wkh idfw wkdw wkh zhljkwv z
|
lm / z
s
lm > z
t
lm > z
h
lm > z
u
lm > dqg z
q
lm duh qrw
hvwlpdwhg vlpxowdqhrxvo| zlwk wkh rwkhu frxqwu|0vshflf sdudphwhuv exw duh
frpsxwhg iurp furvv0frxqwu| gdwd rq wudgh dqg fdslwdo rz dffrxqwv1 Dovr wkh
hvwlpdwlrq ri wkh frxqwu|0vshflf sdudphwhuv duh fduulhg rxw rq d frxqwu|0e|0
frxqwu| edvlv/ udwkhu wkdq vlpxowdqhrxvo|1
Iru vlpxodwlrq ri sruwirolr orvv glvwulexwlrqv + dqg iru lpsxovh uhvsrqvh dqdo0
|vlv, zh dovr qhhg wr hvwlpdwh wkh fryduldqfh pdwul{ ri %w1 Ghqrwh wkh ohdvw
vtxduhv +ru uhgxfhg udqn uhjuhvvlrq, hvwlpdwhv ri %lw e| a%lw/ wkhq zh kdyh
Fray+%lw> %mw, @ W
4
W[
w@4
a%lwa%
3
mw> +:14,
Fray+%w, @
3
EEEC
Fray+%3w> %3w, Fray+%3w> %4w,    Fray+%3w> %Qw,
Fray+%4w> %3w, Fray+%4w> %4w,    Fray+%4w> %Qw,
111
111
111
Fray+%Qw>%3w, Fray+%Qw> %4w,    Fray+%Qw> %Qw,
4
FFFD > +:15,
a%lw @ {lw  adl3  adl4w al{l>w4  +:16,
al3{

lw 
al4{

l>w4 
al3gw  al4gw4=
Wkh hvwlpdwhv adl3/ adl4/ al/ al3/ al4/ al3/ dqg al4 fdq eh rewdlqhg e| ROV
phwkrg ru e| wkh uhgxfhg udqn surfhgxuh gluhfwo| dssolhg wr +814,1 Wkh ROV
hvwlpdwlrq lv fohduo| pxfk vlpsohu/ exw vxhuv iurp wkh vkruwfrplqj wkdw lw
grhv qrw ixoo| doorz iru wkh idfw wkdw doo wkh vl{ idfwruv xvhg lq wkh prgho duh
prvw olnho| wr kdyh xqlw urrwv> qru grhv lw wdnh lqwr dffrxqw wkh lpsruwdqw
srvvlelolw| wkdw wkh ohyho ri grphvwlf dqg iruhljq yduldeohv pd| eh wlhg wrjhwkhu
lq wkh orqj0uxq + wkh skhqrphqrq nqrzq dv frlqwhjudwlrq lq wkh hfrqrphwulf
olwhudwxuh,1 Wr ghdo zlwk wkh xqlw urrw sureohp pdq| uhvhdufkhuv lq wkh sdvw
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kdyh hvwlpdwhg wkh YDU prgho lq uvw0glhuhqfhv +xvlqj udwhv ri fkdqjhv ri
wkh idfwruv udwkhu wkdq wkhlu orjdulwkpv,1 Exw wkh uvw0glhuhqflqj rshudwlrq
fdq eh kljko| lqhflhqw zkhq wkhuh duh lq idfw frlqwhjudwlqj uhodwlrqv dprqjvw
wkh idfwruv dqg fdq eh dyrlghg e| wkh uhgxfhg udqn uhjuhvvlrq dssurdfk1 Wkh
whfkqlfdo ghwdlov ri lghqwlfdwlrq dqg hvwlpdwlrq ri frxqwu|0vshflf prghov e|
wkh uhgxfhg udqn uhjuhvvlrq whfkqltxhv lv surylghg lq Dsshqgl{ D1
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Rqh ri wkh vwuhqjwkv ri wkh joredo yhfwru dxwruhjuhvvlyh +JYDU, prghoolqj
dssurdfk vhw rxw deryh olhv lq lwv h{lelolw| lq wdnlqj dffrxqw ri wkh ydulrxv lqwhu0
olqndjhv lq wkh joredo hfrqrp| lq wkh frqwh{w ri d wuxo| pxowl0frxqwu| vhwwlqj1
Exw lw kdv wkh glvdgydqwdjh wkdw lw frxog eh frpsxwdwlrqdoo| ghpdqglqj zkhq
d odujh qxpehu ri frxqwulhv +vd|433 ru pruh, duh lqfoxghg lq wkh prgho1 Rqh
srvvleoh zd| ri uhgxflqj wkh frpsxwdwlrqdo exughq lv wr dsso| wkh dssurdfk
wr d ihz nh| frxqwulhv +vd| J:, lqglylgxdoo|/ dqg wkhq djjuhjdwh wkh uhpdlqlqj
frxqwulhv lqwr 8~43 eorfnv ru uhjlrqv1 Wklv vhfwlrq frqvlghuv krz uhjlrqdo prghov
fdq eh frqvwuxfwhg iurp wkh xqghuo|lqj frxqwu|0vshflf prghov149
Frqvlghu d jlyhq uhjlrq l +Vrxwk Dvld/ Qruwk Diulfd/ ru wkh Plggoh Hdvw/
iru h{dpsoh, frpsrvhg ri Ql frxqwulhv1 Ghqrwh wkh yhfwru ri frxqwu|0vshflf
yduldeohv lq uhjlrq l e| {lcw/ dqg wkh dvvrfldwhg iruhljq yduldeoh yhfwru e| {

lcw>
zkhuh l @ 3> 4> 5> ===> U dqg c @ 4> 5> ===> Ql1 Zh vkdoo frqwlqxh wr dvvxph wkdw wkh
uhihuhqfh frxqwu| +ru uhjlrq, lv ghqrwhg e| 314: Wkh frxqwu|0vshflf prgho iru
frxqwu| c lq uhjlrq l lv jlyhq e|
{lcw @ dlc3.dlc4w.lc{lc>w4.lc3{

lcw.lc4{

lc>w4.lc3gw.lc4gw4.%lcw>
+;14,
zklfk lv dq dgdswdwlrq ri +514,1 Wkh sureohp ri djjuhjdwlqj wkh Ql frxqwulhv
zlwklq uhjlrq l fhqwhuv rq wkh khwhurjhqhlw| ri wkh frhflhqw pdwulfhv lc/
lc3/ dqg lc4 dvvrfldwhg zlwk wkh frxqwu|0vshflf yduldeohv1 Wkh furvv0frxqwu|
khwhurjhqhlw| ri wkh uhpdlqlqj sdudphwhuv grhv qrw srvh dq| vshfldo sureohp1
Wkhuh zloo dozd|v eh dq djjuhjdwlrq sureohp vr orqj dv lc/ lc3/ dqg lc4
glhu dfurvv wkh frxqwulhv lq wkh uhjlrq1 Exw lq sudfwlfh lw lv srvvleoh wr uhgxfh
wkh vl}h ri wkh djjuhjdwlrq huuru e| xvlqj d zhljkwhg dyhudjh ri wkh yduldeohv
{lcw +dqg khqfh ri {

lcw,> zlwk wkh zhljkwv uhhfwlqj wkh uhodwlyh lpsruwdqfh ri
wkh frxqwulhv lq wkh uhjlrq1 Ohw z3lc eh wkh zhljkw ri frxqwu| c lq wkh uhjlrq l1
Fohduo|/
SQl
c@4z
3
lc @ 4= Wkhq djjuhjdwlqj wkh frxqwulhv lq wkh uhjlrq xvlqj wkhvh
zhljkwv zh kdyh
{lw @ dl3 . dl4w.
Ql[
c@4
z3lclc{lc>w4 .
Ql[
c@4
z3lclc3{

lcw . +;15,
Ql[
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z3lclc4{

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l4gw4 . %lw>
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3
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Xvlqj +;15, d uhjlrqdo prgho dv vshflhg lq +514, fdq eh rewdlqhg1 Lq whupv ri
wkh deryh qrwdwlrqv zh kdyh=
{lw @ dl3 . dl4w.l{l>w4 .l3{

lw .l4{

l>w4 . +;18,
l3gw .l4gw4 .l3gw .l4gw4 . lw>
zkhuh lw @ %lw . ylw lv qrz frpsrvhg ri wkh htxdwlrq huuruv/ %lw/ dqg wkh
djjuhjdwlrq huuru ghqhg e|
ylw @
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z
3
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Ql[
c@4
z
3
lc+lc3l3,{

lcw.
Ql[
c@4
z
3
lc+lc4l4,{

lc>w4=
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Wkh uhjlrq0vshflf iruhljq yduldeohv/ {lw/ fdq eh frqvwuxfwhg hlwkhu xvlqj uh0
jlrqdo wudgh zhljkwv ru frxqwu|0vshflf wudgh zhljkwv dv lq +517,1 Lq wkh fdvh ri
wkh odwwhu |lw / iru h{dpsoh/ lv ghqhg dv
|

lw @
Ql[
c@4
z
3
lc|

lcw> l @ 3> 4> 5> ===> U +;1:,
zkhuh
|

lcw @
U[
m@3
Qm[
n@4
z
|
lc>mn|mnw/ c @ 4> 5> ===>Ql/ l @ 3> 4> 5> ===> U/ +;1;,
z
|
lc>mn lv wkh vkduh ri frxqwu| n lq uhjlrq m lq wkh wrwdo wudgh ri frxqwu| c lq
uhjlrq l1
Q @
U[
l@3
Ql= +;1<,
Wkh lpsruwdqfh ri wkh djjuhjdwlrq huuru ghshqgv rq wkh h{whqw dqg qdwxuh ri
wkh glhuhqfhv lq wkh frhflhqw pdwulfhv lc/ lc3 dqg lc4 dfurvv wkh glhuhqw
frxqwulhv lq wkh uhjlrq1 Wkh djjuhjdwlrq huuru fdq eh plqlpl}hg e| fkrrvlqj
uhjlrqv zlwk vlplodu hfrqrplhv +dv idu dv srvvleoh, dqg e| d vhqvleoh fkrlfh ri
wkh zhljkwv/ z3
lc
1 Lpsruwdqfh ri frxqwulhv lq d uhjlrq lv ehvw phdvxuhg e| wkhlu
rxwsxw ohyhov dqg iru frpsdudelolw| lw lv lpsruwdqw wkdw wkh| duh phdvxuhg lq
sxufkdvlqj srzhu sdulw| +SSS, grooduv1 Wkh zhljkwv z3
lc
fdq eh frpsxwhg xvlqj
SSS0dgmxvwhg JGS vhulhv iru d jlyhq |hdu ru edvhg rq dyhudjhv frpsxwhg ryhu
vhyhudo |hduv1 Lw pd| dovr eh ghvludeoh wr xsgdwh wkh zhljkwv rq d uroolqj edvlv>
vd| e| xvlqj yh0|hduo| odjjhg prylqj0dyhudjhv1
Lq ylhz ri wkh deryh dqdo|vlv wkh uhjlrqdo yduldeohv qhhg wr eh frqvwuxfwhg
iurp frxqwu|0vshflf yduldeohv xvlqj wkh iroorzlqj +orjdulwkplf, zhljkwhg dyhu0
4:
djhv4;
|lw @
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z
3
lc
|lcw> slw @
Ql[
c@4
z
3
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3
lc
tlcw> +;143,
hlw @
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3
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3
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Qrwlfh wkdw lq frqvwuxfwlqj wkh uhjlrqdo yduldeohv |lw/ slw/ hlw> === iurp wkh frxqwu|0
vshflf yduldeohv |lcw/ slcw/ hlcw> === rqh vlpso| qhhgv wr xvh frxqwu|0vshflf ydul0
deohv phdvxuhg lq wkhlu grphvwlf fxuuhqflhv1 Qrwlfh wkdw hlcw vwdqgv iru wkh
h{fkdqjh udwh ri frxqwu| c lq uhjlrq l/ lq whupv ri XV grooduv1
. ! 
 !

Lq wklv vhfwlrq zh looxvwudwh rxu dssurdfk e| hvwlpdwlqj d joredo txduwhuo| prgho
ryhu wkh shulrg 4<:<T404<<<T4 frpsulvlqj ri XVD/ Jhupdq|/ Mdsdq/ Fklqd
dqg 58 rwkhu frxqwulhv djjuhjdwhg lqwr 8 uhjlrqv= Zhvwhuq Hxursh/ Fhqwudo
Hxursh/ Vrxwk Hdvw Dvld/ Plggoh Hdvw/ dqg Odwlq Dphulfd1 Wkh ghwdlov ri wkhvh
< frxqwu|2uhjlrq fodvvlfdwlrqv duh jlyhq lq Wdeoh 41
Wdeoh 4
Frxqwulhv2Uhjlrqv lq wkh JYDU Prgho
XV Jhupdq| Mdsdq
F1 Hxursh V H Dvld Odwlq Dphulfd
Srodqg Nruhd Dujhqwlqd
F}hfk Uhsxeolf Wkdlodqg Eud}lo
Kxqjdu| Lqgrqhvld Fkloh
Pdod|vld Shux
Sklolsslqhv Ph{lfr
Vlqjdsruh
Z1 Hxursh Plggoh Hdvw Fklqd
Iudqfh Nxzdlw
Lwdo| Vdxgl Dudeld
XN Wxunh|
Vsdlq
Ehojlxp
Qhwkhuodqgv
Vzlw}huodqg
Dxvwuld
Wkhvh frxqwulhv frpsulvh derxw :3( ri zruog JGS1 Wkh| zhuh fkrvhq odujho|
ehfdxvh wkh pdmru edqnv lq J0: frxqwulhv kdyh prvw ri wkhlu h{srvxuh lq wklv
vhw ri frxqwulhv1 Qrwlfhdeo| devhqw duh Vfdqglqdyldq frxqwulhv/ Diulfd dqg
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Dxvwudold0Qhz ]hdodqg1 Ixwxuh h{whqvlrqv ri wkh prgho zloo orrn wr lqfrusr0
udwh frxqwulhv iurp wkhvh uhjlrqv1 Wkhvh frxqwu| jurxslqjv zhuh wkhq frqyhuwhg
lqwr uhjlrqdo gdwd xvlqj JGS vkduhv iru hdfk frxqwu| lq wkh uhjlrq zhljkwhg
e| wkh JGS vkduh1 Iru wklv zh xvhg sxufkdvlqj srzhu sdulw| +SSS,0zhljkwhg
JGS jxuhv/ zklfk lv wkrxjkw wr eh pruh uholdeoh wkdq xvlqj zhljkwv edvhg rq
XV groodu JGSv14< Iru prghoolqj sxusrvhv zh glvwlqjxlvk ehwzhhq wkh uhjlrqv
zlwk ghyhorshg fdslwdo pdunhwv qdpho| XVD/ Jhupdq|/ Mdsdq/ Zhvwhuq Hxursh/
Vrxwk Hdvw Dvld dqg Odwlq Dphulfd/ dqg wkh uhvw1 Dv qrwhg hduolhu XV groodu
zloo eh xvhg dv wkh qxpdudluh dqg lwv ydoxh lq whupv ri wkh rwkhu fxuuhqflhv zloo
eh ghwhuplqhg rxwvlgh wkh XV prgho1
Wkh uvw vwhs lq wkh joredo YDU prghoolqj h{huflvh lv wr frqvwuxfw wkh iruhljq
frxqwu|2uhjlrq vshflf +_vwduuhg%, yduldeohv iurp wkh grphvwlf yduldeohv xvlqj
wkh uhodwlrqv +517,153 Iru wkh zhljkwv zh ghflghg wr uho| h{foxvlyho| rq wudgh
zhljkwv edvhg rq wkh XQ Gluhfwlrq ri Wudgh Vwdwlvwlfv1 Lqirupdwlrq rq fdslwdo
rzv zhuh qrw ri vxflhqwo| kljk txdolw| dqg whqghg wr eh udwkhu yrodwloh1 Wkh
<  < pdwul{ ri wkh wudgh zhljkwv frpsxwhg dv vkduhv ri h{sruwv dqg lpsruwv
ryhu wkh 4<<90<; shulrg lv suhvhqwhg lq Wdeoh 51 Wkh wudgh vkduhv ri hdfk
frxqwu|2uhjlrq lv glvsod|hg e| froxpqv1 Wklv pdwul{ sod|v d nh| uroh lq olqnlqj
xs wkh prghov ri wkh glhuhqw uhjlrqv wrjhwkhu dqg vkrzv wkh ghjuhh wr zklfk
rqh frxqwu|2uhjlrq ghshqgv rq wkh uhpdlqlqj frxqwulhv1 Iru h{dpsoh/ lw fdq eh
fohduo| vhhq wkdw Odwlq Dphulfd lv pxfk pruh lqwhjudwhg2ghshqghqw rq wkh XV
hfrqrp| wkdq wkh uhvw ri wkh uhjlrqv/ zklovw wkh Plggoh Hdvw lv pruh lqwhjudwhg
zlwk wkh hfrqrplhv ri wkh Zhvwhuq Hxursh dqg Jhupdq|/ dqg wkh exon ri Fklqd*v
wudgh lv zlwk XVD/ Mdsdq/ Jhupdq|/ Zhvwhuq Hxursh/ dqg Vrxwk Hdvw Dvld1
Wkh vhfrqg vwdjh lq wkh prghoolqj surfhvv lv wr vhohfw dssursuldwh wudqviru0
pdwlrqv ri wkh grphvwlf dqg iruhljq yduldeohv iru lqfoxvlrq lq wkh frxqwu|2uhjlrq
vshflf frlqwhjudwlqj YDU prghov1 Wkh uhgxfhg udqn uhjuhvvlrq whfkqltxhv uh0
ylhzhg lq Dsshqgl{ +D, duh edvhg rq wkh dvvxpswlrq wkdw wkh xqghuo|lqj hq0
grjhqrxv dqg h{rjhqrxv yduldeohv wr eh lqfoxghg lq wkh frxqwu|2uhjlrq vshflf
prghov duh dssur{lpdwho| lqwhjudwhg ri rughu xqlw|1 Wr dvfhuwdlq wkh rughu ri
lqwhjudwlrq ri wkh yduldeohv lq wkh frxqwu|2uhjlrq vshflf yduldeohv lq Wdeohv
6d dqg 6e zh suhvhqw dxjphqwhg Glfnh|0Ixoohu +DGI, vwdwlvwlfv iru wkh ohyhov/
uvw glhuhqfhv dqg wkh vhfrqg glhuhqfhv ri wkh grphvwlf dqg frxqwu|2uhjlrq
vshflf iruhljq yduldeohv1 Wr hqvxuh frpsdudelolw| doo wkhvh vwdwlvwlfv duh frp0
sxwhg ryhu wkh vdph shulrg/ 4<;3T5 wr 4<<4T4/ xvlqj dq xqghuo|lqj xqlyduldwh
dxwruhjuhvvlyh surfhvv ri rughu 8/ zlwk d olqhdu wuhqg lq wkh fdvh ri wkh ohyhov
dqg dq lqwhufhsw whup rqo| lq wkh fdvh ri wkh uvw dqg vhfrqg0glhuhqfhv1
Jhqhudoo| vshdnlqj/ wkh uhvxow ri wkhvh xqlw urrw whvwv duh lq olqh zlwk zkdw
lv nqrzq lq wkh olwhudwxuh1 Lqwhuhvw udwhv +grphvwlf dqg iruhljq, dqg uhdo ht0
xlw| sulfhv +grphvwlf dqg iruhljq, duh xqdpeljxrxvo| L+4, dfurvv doo frxq0
wulhv2uhjlrqv1 Wkh vdph dovr dssolhv wr h{fkdqjh udwhv zlwk wkh qrwdeoh h{0
fhswlrq ri Odwlq Dphulfd1 Lq wkh fdvh ri Odwlq Dphulfd wkh k|srwkhvlv wkdw
h{fkdqjh udwh lv L+5, fdq qrw eh uhmhfwhg1 Pdlqo| dv d frqvhtxhqfh/ lw lv dovr
qrw srvvleoh wr uhmhfw wkh k|srwkhvlv wkdw wkh XV0vshflf iruhljq h{fkdqjh udwh
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lv dq L+5, yduldeoh1 +vhh wkh uvw froxpq ri Wdeoh 6e,1 Wkhuh duh wzr srvvleoh
zd|v ri ghdolqj zlwk wklv sureohp1 Zh frxog ghflgh wr prgho h lqvwhdg ri h/
exw wklv zloo prvw olnho| lqyroyh ryhu0glhuhqflqj dqg hflhqf| orvv lq wkh fdvh
ri wkh vhyhq uhpdlqlqj uhjlrqdo prghov1 Dqrwkhu/ dujxdeo| pruh dwwudfwlyh/
dowhuqdwlyh zrxog eh wr lqfoxgh wkh uhdo h{fkdqjh udwh +h  s, lq wkh uhjlrqdo
prghov1 Wkh k|srwkhvlv wkdw h  s lv L+4, qrz suhydlov dfurvv doo frxqwulhv/
dqg wkh k|srwkhvlv wkdw h s lv L+4, lv qrw vxssruwhg rqo| lq wkh fdvh ri Odwlq
Dphulfd/ dowkrxjk dw d orzhu ohyho ri vljqlfdqfh +dv frpsduhg wr wkh DGI
whvw dssolhg wr h, dqg frxog eh gxh wr wkh orz srzhu ri wkh DGI whvw lq vpdoo
vdpsohv1
Dv idu dv wkh rughu ri lqwhjudwlrq ri wkh uhpdlqlqj wkuhh yduldeohv duh frq0
fhuqhg/ wkh hylghqfh lv ohvv fohdu fxw/ zklfk lv sduwo| gxh wr xqhyhq gdwd txdolw|
dfurvv wkh frxqwulhv dqg wkh uhodwlyho| vkruw vdpsoh shulrg xqghu frqvlghudwlrq1
Xvlqj wkh <8( vljqlfdqfh ohyho/ d xqlw urrw lq uhdo rxwsxwv lv qrw uhmhfwhg lq dq|
ri wkh qlqh uhjlrqv1 Krzhyhu/ lq wkh fdvh ri wkuhh ri wkh uhjlrqv +Mdsdq/ Odwlq
Dphulfd dqg Fklqd, wkh DGI vwdwlvwlfv vhhp wr vxjjhvw wkdw uhdo rxwsxw frxog
eh L+5,$ Wklv lv fohduo| lpsodxvleoh dqg djdlq frxog eh gxh wr srru gdwd txdolw|
lq wkh fdvh ri Odwlq Dphulfd dqg Fklqd1 Wkh uhvxow iru Mdsdq lv/ krzhyhu/ gl0
fxow wr h{sodlq/ dowkrxjk Mdsdq*v qdwlrqdo lqfrph vwdwlvwlfv duh qrw uhjdughg dv
sduwlfxoduo| uholdeoh1 Dovr wkh L+5, uhvxowv iru Odwlq Dphulfd dqg Fklqd duh rq
wkh erughuolqh dqg gr qrw krog li zh dgrsw d <3( vljqlfdqfh ohyho1 D vlplodu
dujxphqw dovr dssolhv wr iruhljq rxwsxw yduldeohv/ | dqg uhdo prqh| edodqfhv/
p dqg p1 Wkhuhiruh/ lw vhhpv dssursuldwh iru rxu sxusrvhv wr wuhdw doo wkhvh
yduldeohv dssur{lpdwho| dv L+4,1 Ilqdoo|/ iru wkh sulfh yduldeohv wkh whvw uhvxowv
vxjjhvw wkdw wkh jhqhudo sulfh ohyho/ s/ lv L+4, lq irxu uhjlrqv dqg L+5, lq wkh
uhpdlqlqj yh uhjlrqv1 Wkh vlwxdwlrq lv pruh fohdu fxw zlwk uhvshfw wr s/ zklfk
lv L+5, iru doo uhjlrqv zlwk wkh h{fhswlrq ri Odwlq Dphulfd1 Wkhuhiruh/ zlwklq
rxu prghoolqj iudphzrun zh rxjkw wr eh xvlqj lqdwlrq udwhv/ s dqg s/ wkdw
duh dw prvw L+4,/ lqvwhdg ri wkh sulfh ohyhov1
Lq ylhz ri wkh deryh uhvxowv/ wkh hqgrjhqrxv yduldeohv ri wkh XV prgho zhuh
vhohfwhg wr eh uhdo rxwsxw +|XV,/ wkh udwh ri lqdwlrq +sXV,/ wkh ohyho ri lqwhuhvw
udwh +uXV,/ wkh uhdo prqh| edodqfhv +pXV,/ dqg wkh uhdo htxlw| sulfhv +tXV,/ doo
phdvxuhg lq orjdulwkpv dv ghqhg lq +516,1 Zlwklq wkh JYDU iudphzrun wkh
ydoxh ri wkh XV groodu lv ghwhuplqhg rxwvlgh wkh XV prgho/ dqg wkh XV0vshflf
uhdo h{fkdqjh udwh yduldeoh/ hXV  s

XV / lv wkhq lqfoxghg dv dq L+4, h{rjhqrxv
+ru orqj0uxq iruflqj, yduldeoh lq wkh XV prgho154 Jlyhq wkh vl}h ri wkh XV
hfrqrp| dqg lwv lpsruwdqfh iru joredo hfrqrplf lqwhudfwlrqv/ qr rwkhu iruhljq0
vshflf h{rjhqrxv yduldeoh zdv frqvlghuhg iru lqfoxvlrq lq wkh XV prgho1 Exw
wr frqwuro iru lpsruwdqw joredo srolwlfdo hyhqwv/ wkh orjdulwkp ri rlo sulfhv +sr,
zhuh lqfoxghg dv dq h{rjhqrxv L+4, yduldeoh lq doo wkh frxqwu|2uhjlrq vshflf
prghov155
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Lq wkh fdvh ri Mdsdq/ Zhvwhuq Hxursh/ Jhupdq|/ Vrxwk Hdvw Dvld dqg Odwlq
Dphulfd zlwk dgydqfhg fdslwdo pdunhwv zh fkrvh +|m >sm > um > hm  sm >pm > tm,
dv wkhlu hqgrjhqrxv yduldeohv/ dqg

|

m >s

m > u

m >p

m > t

m > s
r

dv wkhlu h{rjhqrxv
yduldeohv1 Qrwlfh wkdw hm lv h{foxghg iurp wkh vhw ri h{rjhqrxv yduldeohv rq
wkh jurxqgv ri lwv forvh uhodwlrqvkls wr hm 1
56 Iru wkh uhpdlqlqj uhjlrqv +Fhq0
wudo Hxursh/ Plggoh Hdvw dqg Fklqd, wkh vhw ri lqfoxghg hqgrjhqrxv dqg h{0
rjhqrxv yduldeohv zhuh +|m >sm > um > hm  sm >pm, dqg
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Wkh qh{w vwhs lq wkh dqdo|vlv lv wr hvwlpdwh uhjlrq0vshflf frlqwhjudwlqj
YDU prghov dqg lghqwli| wkh udqn ri wkhlu frlqwhjudwlqj vsdfh1 Wkh rughu ri wkh
xqghuo|lqj YDU prghov zdv wdnhq wr eh 41 Wklv fkrlfh zdv glfwdwhg wr xv e| wkh
vpdoo qxpehu ri wlph vhulhv revhuydwlrqv wkdw zhuh dydlodeoh wr xv uhodwlyh wr wkh
qxpehu ri xqnqrzq sdudphwhuv lq hdfk ri wkh uhjlrqdo prghov1 Wkh _wudfh% dqg
_pd{lpxp hljhqydoxh% whvw vwdwlvwlfv iru hdfk ri wkh qlqh uhjlrqv wrjhwkhu zlwk
wkh dvvrfldwhg <3( dqg <8( fulwlfdo ydoxhv duh vxppdul}hg lq Wdeohv 7d07f157 Lw
lv nqrzq wkdw erwk ri wkhvh vwdwlvwlfv whqg wr ryhu0uhmhfw lq vpdoo vdpsohv/ zlwk
wkh h{whqw ri ryhu0uhmhfwlrq ehlqj pxfk pruh vhulrxv iru wkh pd{lpxp hljhqydoxh
dv frpsduhg wr wkh wudfh whvw1 Xvlqj Prqwh Fduor h{shulphqwv lw lv dovr vkrzq
wkdw wkh pd{lpxp hljhqydoxh whvw lv jhqhudoo| ohvv urexvw wr ghsduwxuhv iurp
qrupdo huuruv wkdq wkh wudfh whvw158 Wkh odwwhu srlqw lv sduwlfxoduo| uhohydqw wr
rxu dssolfdwlrqv vlqfh wkh| frqwdlq htxlw| sulfhv/ h{fkdqjh udwhv dqg lqwhuhvw
udwhv/ doo ri zklfk h{klelw vljqlfdqw ghjuhhv ri ghsduwxuhv iurp qrupdolw|1 Zh
vkdoo wkhuhiruh edvh rxu dqdo|vlv rq wkh wudfh vwdwlvwlfv1 Dffruglqjo|/ iru Zhvwhuq
Hxursh zh rewdlq 8 frlqwhjudwlqj uhodwlrqv/ iru Fhqwudo Hxursh/ Jhupdq| dqg
Mdsdq 7 hdfk/ iru Odwlq Dphulfd/ Plggoh Hdvw/ Fklqd dqg Vrxwk Hdvw Dvld
6 hdfk/ dqg rqo| rqh frlqwhjudwlqj uhodwlrq iru wkh XV1 Wkhuhiruh/ wkh wrwdo
qxpehu ri frlqwhjudwlqj uhodwlrqv lq wkh joredo prgho fdq dw prvw eh htxdo wr
u @
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Wkh joredo prgho fdq eh rewdlqhg e| frpelqlqj wkh uhjlrq0vshflf prghov
dv lq Vhfwlrq 61 Wkh orqj0uxq dqg vkruw0uxq g|qdplf surshuwlhv ri wkh joredo
prgho duh ghwhuplqhg e| wkh joredo frlqwhjudwlqj pdwul{/ / jlyhq e| +71:,/ dqg
wkh hljhqydoxhv ri x @ J4K/ ghqhg e| +817,1 Vlqfh wkh joredo prgho frqwdlqv
83 hqgrjhqrxv yduldeohv dqg wkh udqn ri  lv dw prvw 63/ lw wkhq iroorzv wkdw x
pxvw kdyh dw prvw 53 hljhqydoxhv wkdw idoo rq wkh xqlw flufoh15: Lw lv hqfrxudjlqj
wkdw rxu dssolfdwlrq grhv lq idfw vdwlvi| wklv surshuw|1 Wkh pdwul{ x/ hvwlpdwhg
iurp wkh uhjlrq0vshflf prghov kdv h{dfwo| 53 hljhqydoxhv wkdw idoo rq wkh xqlw
flufoh zlwk wkh uhpdlqlqj 63 hljhqydoxhv kdylqj prgxol doo ohvv wkdq xqlw|15;
Dprqjvw wkh odwwhu vhw/ wkh 6 odujhvw hljhqydoxhv +lq prgxol, duh 31<6<:/ 31;987/
dqg 31;79:/ wkxv hqvxulqj d uhdvrqdeo| idvw udwh ri frqyhujhqfh ri wkh prgho wr
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lwv vwhdg| vwdwh rqfh vkrfnhg1 Wkhvh uhvxowv dovr hvwdeolvk wkdw wkh +lpsolhg,
joredo prgho dovr irupv d frlqwhjudwlqj v|vwhp zlwk 63 orqj0uxq uhodwlrqv dqg
d vwdeoh huuru0fruuhfwlqj uhsuhvhqwdwlrq15< Lq sduwlfxodu/ wkh hhfwv ri vkrfnv
rq wkh orqj0uxq uhodwlrqv ri wkh joredo hfrqrp| zloo hyhqwxdoo| glvdsshdu1 Wkh
ghfd| udwh lv erxqghg e| 31<6<:1 Krzhyhu/ gxh wr wkh xqlw urrw surshuwlhv ri wkh
joredo prgho +dv fkdudfwhul}hg e| wkh xqlw hljhqydoxhv ri x, joredo ru uhjlrqdo
vkrfnv zloo kdyh shupdqhqw hhfwv rq wkh ohyhov ri wkh yduldeohv vxfk dv uhdo
rxwsxwv/ lqwhuhvw udwhv ru uhdo htxlw| sulfhv1
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Hpslulfdo hydoxdwlrqv ri wkh joredo prgho fdq eh fduulhg rxw dw wzr ohyhov/
qdpho| dw wkh ohyho ri wkh uhjlrqdo prghov/ hdfk wuhdwhg vhsdudwho| frqglwlrqdo
rq wkh iruhljq0vshflf yduldeohv> dqg dw wkh joredo ohyho xvlqj wkh uhgxfhg0irup
vshflfdwlrq +816,1 Wkh iruphu h{huflvh lv lqirupdwlyh uhjduglqj wkh suhflvlrq
zlwk zklfk wkh sdudphwhuv ri wkh glhuhqw uhjlrqdo prghov duh hvwlpdwhg1 Zkloh
wkh odwwhu fdq eh xvhg wr hydoxdwh wkh lq0vdpsoh w ri wkh joredo prgho dv frp0
sduhg wr dowhuqdwlyh ehqfkpdunv1 Wkh lq0vdpsoh w ri wkh lqglylgxdo uhjlrqdo
prghov duh olnho| wr eh h{djjhudwhg dv wkh| duh frqglwlrqdo rq frqwhpsrudqhrxv
yduldeohv1 Lq frqwudvw wkh lq0vdpsoh w ri wkh joredo prgho rqo| ghshqgv rq
frqwhpsrudqhrxv fkdqjhv lq rlo sulfhv dqg fdq eh pruh lqglfdwlyh ri wkh sr0
whqwldo xvh ri wkh prgho iru iruhfdvwlqj/ lpsxovh uhvsrqvh dqdo|vlv dqg lq ulvn
pdqdjhphqw1
Wkh rqh0vwhs dkhdg lq0vdpsoh urrw phdq vtxduh iruhfdvw huuruv +UPVIH*v,
ri wkh joredo prgho frpsxwhg ryhu wkh shulrg 4<:<T6 wr 4<<<T4/ jurxshg e|
idfwruv dqg uhjlrqv duh jlyhq lq Wdeoh 81 Dv ehqfkpdunv zh dovr frpsxwhg
UPVIHv edvhg rq wkh iroorzlqj udqgrp zdon prghov zlwk guliwv=63
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Wkh UPVIHv dvvrfldwhg zlwk wkhvh ehqfkpdun prghov duh dovr vxppdul}hg
lq Wdeoh 81 Dv fdq eh vhhq wkh UPVIHv jhqhudwhg e| wkh JYDU prgho duh
doo vpdoohu wkdq wkrvh ri wkh ehqfkpdun prgho h{fhsw iru uhdo htxlw| sulfhv lq
wkh fdvh ri Zhvwhuq Hxursh dqg Jhupdq|/ dqg wkh lqwhuhvw udwh iru wkh XV1 Dw
wkh joredo ohyho/ xvlqj dyhudjhv ri wkh UPVIHv dfurvv wkh uhjlrqv/ wkh JYDU
prgho shuirupv ehwwhu wkdq wkh ehqfkpdun prgho lq wkh fdvh ri doo idfwruv/
dowkrxjk wkh ghjuhh ri lwv rxw0shuirupdqfh glhuv pdunhgo| ghshqglqj rq wkh
idfwru ehlqj frqvlghuhg1 Iru iruhfdvwlqj uhdo rxwsxw/ lqdwlrq/ dqg uhdo prqh|
edodqfhv/ wkh JYDU prgho rxwshuirupv wkh ehqfkpdun prgho e| 641;(/ 4;1<(/
dqg 4;14(/ uhvshfwlyho|1 Exw iru iruhfdvwlqj htxlw| sulfhv dqg lqwhuhvw udwhv wkh
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h{whqw ri rxwshuirupdqfh duh yhu| vpdoo/ durxqg 718( dqg 617(/ uhvshfwlyho|1
Iru uhdo h{fkdqjh udwh wkh uhvxowv duh vrphzkhuh lq ehwzhhq/ qdpho| 4817(1
Krzhyhu/ wkhvh hvwlpdwhv vkrxog eh ylhzhg dv lqglfdwlyh udwkhu wkdq ghqlwh/
vlqfh wkh| gr qrw wdnh dffrxqw ri sdudphwhu xqfhuwdlqw| dqg vrph zloo qrw eh
vwdwlvwlfdoo| vljqlfdqw1 Wkhvh uhvxowv dovr vxjjhvw wkdw lw pd| eh djrrg lghd wr
frqvlghu uhvwulfwhg yhuvlrqv ri wkh JYDU/ vd| e| lpsrvlwlrq ri ryhu0lghqwli|lqj
uhvwulfwlrqv rq wkh orqj0uxq sdudphwhuv dqg2ru wkh lpsrvlwlrq ri vlpsoli|lqj
uhvwulfwlrqv rq wkh vkruw0uxq frhflhqwv1 Krzhyhu/ wkhvh dqg rwkhu h{whqvlrqv
ri wkh JYDU prgho olh rxwvlgh wkh vfrsh ri wkh suhvhqw sdshu/ exw duh fohduo|
zruwk sxuvxlqj1
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Wkh wlph0surohv ri wkh hhfwv ri d ydulhw| ri vkrfnv ri lqwhuhvw rq wkh joredo
hfrqrp| fdq qrz eh frpsxwhg e| phdqv ri wkh jhqhudol}hg lpsxovh uhvsrqvh
ixqfwlrq +JLUI, glvfxvvhg lq Vhfwlrq 91 Qrwh wkdw wkh rughulqj ri wkh yduldeohv
grhv qrw pdwwhu iru rxu dssurdfk164 Wkhuh duh pdq| vkrfn vfhqdulrv ri lqwhuhvw
wkdw frxog eh lqyhvwljdwhg1 Khuh zh frqvlghu wkh iroorzlqj rqhv=
 D rqh vwdqgdug huuru qhjdwlyh vkrfn + d qhjdwlyh _xqlw% vkrfn, wr XV
htxlw| sulfhv1
 D rqh vwdqgdug huuru srvlwlyh vkrfn wr XV lqwhuhvw udwhv1
 D rqh vwdqgdug huuru qhjdwlyh vkrfn wr htxlw| pdunhwv lq Vrxwk Hdvw Dvld1
Zh frxog h{dplqh wkh wlph surohv ri wkh hhfwv ri wkhvh vkrfnv hlwkhu rq
wkh hqgrjhqrxv yduldeohv ri d sduwlfxodu uhjlrq/ ru rq d jlyhq yduldeoh dfurvv doo
wkh uhjlrqv1
<1514 D Qhjdwlyh Vkrfn wr XV Htxlw| Sulfhv
Iljxuh 4 glvsod|v wkh lpsdfwv ri vkrfnv wr XV htxlw| pdunhw rq htxlw| sulfhv
zruogzlgh1 Rq lpsdfw/ wkh idoo lq wkh XV htxlw| sulfhv fdxvhv sulfhv lq doo htxlw|
pdunhwv wr idoo dv zhoo exw e| vpdoohu dprxqwv= 619( lq Zhvwhuq Hxursh/ 81;( lq
Jhupdq|/ 517( lq Mdsdq/ 613( lq Vrxwk Hdvw Dvld/ dqg 818( lq Odwlq Dphulfd/
dv frpsduhg wr d idoo ri 918( lq wkh XV1 +Vhh Wdeoh 9,1 Krzhyhu/ ryhu wlph wkh
idoo lq htxlw| sulfhv dfurvv wkh uhjlrqv vwduw wr fdwfk xs zlwk wkh XV dqg jhwv
vljqlfdqwo| dpsolhg lq wkh fdvh ri wkh wzr hphujlqj pdunhwv/ Odwlq Dphulfd
dqg wkh Idu Hdvw Dvld1 Lq wkh fdvh ri wkhvh pdunhwv wkh idoo lq htxlw| sulfhv
uhdfkhv 4619( dqg 4716(/ uhvshfwlyho|1 Wkhvh hvwlpdwhv vkrxog/ krzhyhu/ eh
ylhzhg zlwk fdxwlrq1 Wkh| duh olnho| wr eh srruo| hvwlpdwhg zlwk odujh vwdqgdug
huuruv/ sduwlfxoduo| wkrvh wkdw uhihu wr orqj iruhfdvw krul}rqv165 Qhyhuwkhohvv/
wkh uhodwlyh srvlwlrq dqg sdwwhuq ri wkh lpsxovh uhvsrqvh ixqfwlrqv frxog vwloo
eh txlwh lqirupdwlyh1 Iru h{dpsoh/ wkh| frqup wkh slyrwdo uroh sod|hg e| wkh
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XV vwrfn pdunhw lq wkh joredo hfrqrp|/ dqg vxjjhvw wkdw lq wkh orqjhu uxq wkh
hphujlqj pdunhwv duh olnho| wr eh pruh vhulrxvo| dhfwhg wkdq wkh pdunhwv lq
dgydqfhg hfrqrplhv zkhq wkh XV htxlw| pdunhw lv vkrfnhg1 Vhh Iljxuh 41
Wkh wlph surohv ri wkh hhfwv ri wkh vkrfn wr wkh XV htxlw| pdunhw rq uhdo
rxwsxw dfurvv wkh glhuhqw uhjlrqv duh vkrzq lq Iljxuh 51 Wkh vhfrqg sdqho
ri Wdeoh 9 surylghv wkh dvvrfldwhg srlqw hvwlpdwhv iru d qxpehu ri vhohfwhg
krul}rqv1 Wkh lpsdfw hhfwv ri wkh idoo lq XV htxlw| pdunhw rq uhdo rxwsxw duh
qhjdwlyh iru prvw uhjlrqv/ exw udwkhu vpdoo lq pdjqlwxgh1 Diwhu rqh |hdu uhdo
rxwsxw vkrzv d idoo ri durxqg 03163( lq Zhvwhuq Hxursh dqg Jhupdq|/ 0316:(
lq wkh XV/ 03167( lq Odwlq Dphulfd/ dqg 03156( lq Vrxwk Hdvw Dvld1 Mdsdqhvh
rxwsxw rqo| ehjlqv wr eh qhjdwlyho| dhfwhg e| wkh dgyhuvh XV vwrfn pdunhw
vkrfn pxfk odwhu1 Wkh wkuhh uhjlrqv zlwkrxw fdslwdo pdunhwv duh hlwkhu qrw
dhfwhg e| wkh vkrfn ru hyhq vkrz d ulvh lq rxwsxw +lq sduwlfxodu wkh Fhqwudo
Hxurshdq uhjlrq,1 Rqfh djdlq wkhvh srlqw hvwlpdwhv vkrxog eh wuhdwhg zlwk
fdxwlrq166
<1515 D Srvlwlyh Vkrfn wr XV Lqwhuhvw Udwhv
Wkh hhfwv ri d rqh vwdqgdug huuru ulvh lq wkh ohyho ri XV lqwhuhvw udwhv rq uhdo
htxlw| sulfhv dqg uhdo rxwsxw dfurvv wkh glhuhqw uhjlrqv duh vxppdul}hg lq
Wdeoh : dqg glvsod|hg lq Iljxuhv 6 dqg 7167 Wdeoh : dovr surylghv wkh srlqw
hvwlpdwhv ri wkh hhfwv ri wkh lqwhuhvw udwh vkrfn rq lqdwlrq/ lqwhuhvw udwhv dqg
uhdo h{fkdqjh udwhv iru vhohfwhg krul}rqv1 Wkh lpsruwdqw uroh sod|hg e| XV
lqwhuhvw udwhv lq wkh joredo hfrqrp| fdq eh fohduo| vhhq iurp wkhvh uhvxowv1 Rq
lpsdfw wkh lqfuhdvh lq XV lqwhuhvw udwhv fdxvhv wkh htxlw| sulfhv wr ghfolqh lq
doo pdunhwv/ zlwk wkh ghfolqh ehlqj prvw surqrxqfhg lq Odwlq Dphulfd1 Lw lv
dovr lqwhuhvwlqj wkdw wkh orqj0uxq lpsdfwv ri wkh lqwhuhvw udwh ulvh duh ihow prvw
rq htxlw| sulfhv lq wkh hphujlqj pdunhwv/ zlwk wkh Zhvwhuq Hxursh iroorzlqj
forvho| ehklqg1 Rqfh djdlq wkh XV vwrfn pdunhw vhhpv wr kdyh ehhq uhodwlyho|
urexvw wr wkh dgyhuvh pryh lq lqwhuhvw udwhv1
Wkh rxwsxw hhfwv ri wkh lqwhuhvw udwh ulvh duh pl{hg1 Qrwdeo| rq lpsdfw
wkh| duh dgyhuvh lq wkh fdvh ri doo uhjlrqv h{fhsw iru Vrxwk Hdvw Dvld/ Odwlq
Dphulfd dqg wkh Plggoh Hdvw1 Krzhyhu/ wkhvh hhfwv duh udwkhu vpdoo dqg
frxog eh vwdwlvwlfdoo| lqvljqlfdqw1 Ryhu wkh orqj0uxq/ krzhyhu/ wkh hhfwv ri
wkh vkrfn rq uhdo rxwsxwv duh qhjdwlyh lq wkh fdvh ri 9 rxw ri wkh < uhjlrqv>
wkh qrwdeoh h{fhswlrqv ehlqj XV/ Jhupdq| dqg Fhqwudo Hxursh1 Wkh hphujlqj
pdunhwv duh wkh rqhv wkdw duh prvw dhfwhg e| wkh dgyhuvh lqwhuhvw udwh vkrfn=
04148( lq wkh fdvh ri Odwlq Dphulfd dqg 031:<( lq wkh fdvh ri Vrxwk Hdvw Dvld
diwhu 8 |hduv1
Wkh hhfwv ri wkh lqwhuhvw udwh ulvh rq wkh udwh lqdwlrq dfurvv wkh glhuhqw
uhjlrqv lv pl{hg/ dqg whqg wr vzlwfk vljqv dv rqh pryhv iurp wkh lpsdfw hhfwv
wr wkh orqj0uxq hhfwv1 Rq lpsdfw wkh hhfwv ri wkh ulvh lq wkh XV lqwhuhvw rq
lqdwlrq duh qhjdwlyh rqo| lq wkh fdvh ri Mdsdq +03137,/ Odwlq Dphulfd +0315;,
dqg Fhqwudo Hxursh +03177,1 Krzhyhu/ lq wkh orqjhu uxq wkh ulvh lq lqwhuhvw
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udwh vhhpv wr kdyh kdg wkh ghvluhg hhfw ri uhgxflqj wkh udwh ri lqdwlrq lq
doo uhjlrqv h{fhsw iru Fklqd/ Hdvwhuq Hxursh/ dqg lurqlfdoo| wkh XV/ dowkrxjk
wkh pdjqlwxgh ri wkh orqj0uxq hhfw rq wkh XV lqdwlrq lv yhu| vpdoo +313<,
dqg prvw olnho| zrxog qrw eh vwdwlvwlfdoo| vljqlfdqw1 Wkh uhvxowv iru Fklqd dqg
Hdvwhuq Hxursh vkrxog eh ylhzhg zlwk vshfldo fdxwlrq gxh wr srru gdwd txdolw|
dqg wkh fhqwudoo| sodqqhg qdwxuh ri wkhvh hfrqrplhv iru wkh odujh sduw ri wkh
vdpsoh shulrg xqghu frqvlghudwlrq1
Ilqdoo|/ lw lv lqwhuhvwlqj wkdw/ dv suhglfwhg e| wkh xqfryhuhg lqwhuhvw sdulw|
k|srwkhvlv/ lq wkh orqj uxq wkh ulvh lq wkh XV lqwhuhvw kdv ehhq dvvrfldwhg zlwk
d ulvh lq wkh lqwhuhvw udwhv dfurvv doo wkh uhjlrqv1 Vhh wkh irxuwk sdqho ri Wdeoh
:1
<1516 D Qhjdwlyh Vkrfn wr Htxlw| Pdunhwv lq Vrxwk Hdvw Dvld
Jlyhq wkh lqwhuhvw lq wkh hhfwv ri wkh 4<<: Vrxwk Dvldq Fulvlv dqg lwv srvvleoh
frqwdjlrq hhfwv/ khuh zh frqvlghu wkh jhqhudol}hg lpsxovh uhvsrqvh ixqfwlrqv
iru d rqh vwdqgdug huuru qhjdwlyh vkrfn wr htxlw| sulfhv lq Vrxwk Hdvw Dvld
+VHD,168 Wkh rqh vwdqgdug huuru vkrfn lv htxlydohqw wr ;16( ghfolqh lq VHD*v
htxlw| sulfhv dqg rq lpsdfw kdv vpdoo srvlwlyh hhfwv rq Mdsdq*v dqg XV htxlw|
sulfhv +4158( dqg 315;(/ uhvshfwlyho|, dqg uhodwlyho| vpdoo qhjdwlyh hhfwv rq
htxlw| sulfhv lq Zhvwhuq Hxursh/ Jhupdq| dqg Odwlq Dphulfd +03145(/ 041;8(
dqg 0318:(/ uhvshfwlyho|,1 Vhh wkh uvw sdqho ri Wdeoh ; dqg Iljxuh 81 Exw
ryhu wlph wkhvh hhfwv dffxpxodwh dqg diwhu wzr |hduv doo pdunhwv duh dgyhuvho|
dhfwhg zlwk wkh h{fhswlrq ri wkh XV1 Wkh XV htxlw| pdunhw vhhpv wr kdyh ehhq
uhdvrqdeo| urexvw wr wkh Vrxwk Dvldq Fulvlv1 Lw lv dovr lqwhuhvwlqj wr qrwh wkdw
lq wkh orqjhu uxq wkh Zhvwhuq Hxursh dqg Jhupdq| vhhp wr eh pruh yxoqhudeoh
wr wkh Vrxwk Dvldq Fulvlv wkdq Mdsdq1
Dv wr eh h{shfwhg wkh rxsxw hhfwv ri wkh qhjdwlyh vkrfn wr wkh VHD*v htxlw|
pdunhwv lv pxfk pruh pxwhg zkhq frpsduhg wr lwv hhfwv rq htxlw| sulfhv1 Rq
lpsdfw uhdo rxwsxw ghfolqhv qrwlfhdeo| rqo| lq wkh fdvh ri Fklqd +03198(,1 Vhh
wkh vhfrqg sdqho ri Wdeoh ; dqg Iljxuh 91 Hyhq diwhu rqh |hdu dgyhuvh hhfwv
ri wkh vkrfn fdq eh vhhq rqo| lq wkh fdvh ri uhdo rxwsxw lq Zhvwhuq Hxursh
+0313;(,/ Jhupdq| +0314:(,/ Vrxwk Hdvw Dvld +03193(, dqg Fklqd +0314;(,1
Rqfh djdlq wkh lpsxovh uhvsrqvhv vxjjhvw wkdw Mdsdq/ XV dqg Odwlq Dphulfd
duh olnho| wr eh uhdvrqdeo| urexvw wr dgyhuvh vkrfnv wr wkh Vrxwk Hdvw Dvldq
htxlw| pdunhwv1 Dw uvw wklv uhvxow vhhpv udwkhu vxusulvlqj frqvlghulqj wkh
uhodwlyho| vwurqj wudgh olqnv wkdw h{lvwv ehwzhhq Vrxwk Hdvw Dvld/ Mdsdq dqg
XV1 +vhh Wdeoh 5,1 Krzhyhu/ lw odujho| uhhfwv wkh dssduhqwo| zhdn olqnv wkdw
h{lvwv ehwzhhq wkh htxlw| pdunhwv ri wkhvh hfrqrplhv dv fdq eh vhhq iurp wkh
uvw sdqho ri Wdeoh ; dqg glvfxvvhg deryh1 Wkh lpsxovh uhvsrqvhv ri wkh hhfwv
ri wkh qhjdwlyh vkrfn wr VHD*v htxlw| pdunhwv rq lqdwlrq/ lqwhuhvw udwhv dqg
h{fkdqjh udwhv duh vxppdul}hg lq wkh erwwrp wkuhh sdqhov ri Wdeoh ;1 Rwkhu
lpsolfdwlrqv ri wkh Vrxwk Dvldq Fulvlv +vxfk dv dq dgyhuvh vkrfn wr h{fkdqjh
udwhv, fdq dovr eh lqyhvwljdwhg xvlqj wkh joredo YDU prghoolqj wrrov ghyhorshg
lq wklv sdshu1
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Lq wklv sdshu/ zh ghyhors dq rshudwlrqdo iudphzrun iru joredo pdfurhfrqrplf
prgholqj/ exloglqj rq uhfhqw dgydqfhv lq wkh olwhudwxuh rq wkh dqdo|vlv ri frlqwh0
judwlqj v|vwhpv1 Zh ghprqvwudwh wkh ihdvlelolw| ri wklv dssurdfk e| olqnlqj xs
qlqh vhsdudwh yhfwru huuru0fruuhfwlqj uhjlrqdo prghov hvwlpdwhg xvlqj txduwhuo|
revhuydwlrqv ryhu wkh shulrg 4<:<T404<<<T41 Wkh uhvxowdqw joredo prgho lv
vkrzq dovr wr eh huuru0fruuhfwlqj zlwk gdpshg f|folfdo surshuwlhv1 Xvlqj jhqhu0
dol}hg lpsxovh uhvsrqvh dqdo|vlv/ zh h{dplqh wkh sursdjdwlrq ri vkrfnv dfurvv
idfwruv dqg uhjlrqv1
Wkh irfxv ri wkh prgho lv yhu| pxfk rq frqvwuxfwlqj d frpsdfw/ frkhvlyh
dqg frkhuhqw uhsuhvhqwdwlrq ri idfwru dqg uhjlrqdo lqwhughshqghqflhv1 Wkh prgho
doorzv iru lqwhudfwlrq dprqjvw wkh glhuhqw hfrqrplhv wkurxjk wkuhh vhsdudwh
exw lqwhuuhodwhg fkdqqhov=
41 Gluhfw ghshqghqfh ri wkh uhohydqw pdfur0idfwruv rq wkhlu frxqwu|0vshflf
iruhljq frxqwhusduwv dqg wkhlu odjjhg ydoxhv>
51 Ghshqghqfh ri wkh frxqwu|0vshflf yduldeohv rq frpprq joredo h{rjhqrxv
yduldeohv vxfk dv rlo sulfhv dqg srvvleo| rwkhu yduldeohv frqwuroolqj iru pdmru
joredo srolwlfdo hyhqwv>
61 Qrq0}hur frqwhpsrudqhrxv ghshqghqfh ri vkrfnv lq frxqwu| l rq wkh
vkrfnv lq frxqwu| m/ phdvxuhg yld wkh furvv0frxqwu| fryduldqfhv1
Wkxv/ iru lqvwdqfh/ zh duh deoh wr dffrxqw iru lqwhu0olqndjhv ehwzhhq htxlw|
pdunhw pryhphqwv lq Vrxwk Hdvw Dvld dqg rxwsxw lq Jhupdq|1 Zkloh dffxudwh
srlqw iruhfdvwv duh qrw wkh sulpdu| jrdo ri wkh prgho/ lw grhv frpsduh idyrudeo|
wr d fkrvhq ehqfkpdun prgho/ d udqgrp zdon zlwk guliw/ zkhuh rqh0vwhs0dkhdg
lq0vdpsoh urrw phdq vtxduh iruhfdvw huuruv +UPVIH, lv wkh hydoxdwlrq phwulf1
Ri 83 yduldeohv prghohg dfurvv d wrwdo ri qlqh uhjlrqv/ wkh JYDUprgho shuirupv
ehwwhu wkdq wkh ehqfkpdun lq doo exw wkuhh fdvhv1 Lw grhv uhodwlyho| ehwwhu
iruhfdvwlqj uhdo rxwsxw/ lqdwlrq/ uhdo prqh| dqg h{fkdqjh udwhv wkdq lw grhv
htxlw| sulfhv dqg lqwhuhvw udwhv1
69
Wkh ruljlqdo prwlydwlrq iru ghyhorslqj wklv prgho zdv dv d ulvn pdqdjh0
phqw wrro iru frpphufldo/ dqg shukdsv hyhq fhqwudo/ edqnv1 E| hqjdjlqj lq
frpphufldo ohqglqj wr frpsdqlhv zkrvh iruwxqhv xfwxdwh zlwk djjuhjdwh gh0
pdqg/ d edqn lv xowlpdwho| h{srvhg wr pdfurhfrqrplf xfwxdwlrqv1 Wklv fdq
eh plwljdwhg wkurxjk lqwhuqdwlrqdo glyhuvlfdwlrq1 Krzhyhu/ suhflvho| ehfdxvh
hfrqrplf xfwxdwlrqv duh fruuhodwhg dfurvv idfwruv dqg frxqwulhv/ lw irvwhuv wkh
qhhg iru d frpsdfw joredo pdfurhfrqrphwulf prgho zklfk h{solflwo| doorzv iru
vxfk lqwhufrqqhfwlrqv dqg lqwhughshqghqflhv1 Zh sodq wr dgguhvv wkh lvvxh ri
olqnlqj wkh orvv glvwulexwlrq ri d edqn*v fuhglw dvvhw sruwirolr wr wkh pdfurhfr0
qrplf ixqgdphqwdov lq d frpsdqlrq sdshu +Shvdudq/ Vfkxhupdqq/ Wuhxwohu dqg
Zhlqhu/ 5334,1
Ehfdxvh ri wkh irfxv rq prgholqj lqwhuolqndjhv/ wkh prgho fdq uhdglo| eh xvhg
wr vkhg oljkw rq wkh dqdo|vlv ri d ydulhw| ri wudqvplvvlrq phfkdqlvpv/ frqwdjlrq
hhfwv/ dqg whvwlqj ri orqj0uxq wkhrulhv +iru lqvwdqfh/ sxufkdvlqj srzhu sdulw|,
lq d joredo vhwwlqj1 Zh fdq wklqn ri vhyhudo rwkhu dssolfdwlrqv=
 _Qhz hfrqrplf jhrjudsk|%= d olwhudwxuh zklfk vhwv wkh vwdjh iru h{solf0
lwo| lqfrusrudwlqj jhrjudsk| lqwr wkh prghov ri hfrqrplf dfwlylw| wkurxjk
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hlwkhu grphvwlf ru lqwhuqdwlrqdo wudgh +vhh Nuxjpdq/ 4<<6/ iru dq lqwur0
gxfwlrq wr wkh wrslf/ dqg Ixmlwd/ Nuxjpdq dqg Yhqdeohv/ 4<<</ iru d pruh
irupdo wuhdwphqw,
 Uhjlrqdo dqg xuedq hfrqrplfv= prghov ri lqwhu0uhjlrqdo olqndjhv/ hlwkhu
wkurxjk flw|0vxexue hfrqrplf wlhv +Yrlwk/ 4<<;, ru olqndjhv ehwzhhq flwlhv
dv lq wkh _v|vwhpv ri flwlhv% olwhudwxuh +Khqghuvrq/ 4<;;,
 Oderu prelolw|= frqvlghu d orqjhu krul}rq/ orzhu iuhtxhqf| lvvxh ri oderu
prelolw| uhvsrqglqj wr uhjlrqdo hfrqrplf vkrfnv> iru lqvwdqfh/ dxwr zrun0
huv pljudwlqj iurp Plfkljdq wr Wh{dv lq uhvsrqvh wr rlo0sulfh vkrfnv lq
wkh hduo| 4<;3v +Eodqfkdug dqg Ndw}/ 4<<5,1
Wklv olvw lv e| qr phdqv h{kdxvwlyh dqg lv ghvljqhg wr vwlpxodwh lqwhuhvw/ dqg
uhvhdufk/ ri dsso|lqj wkh JYDU iudphzrun wr sureohpv ri prgholqj hfrqrplf
lqwhu0olqndjhv1
5:
! 
     
	 	
* 	 2/
Wkh uhgxfhg udqn hvwlpdwlrq surfhgxuh lq wkh fdvh zkhuh doo wkh yduldeohv lq
wkh prgho duh wuhdwhg dv hqgrjhqrxv kdv ehhq ghyhorshg e| Mrkdqvhq +4<;;/
4<<8,1 Exw lq wkh frqwh{w ri wkh JYDU prgho +514, wkh iruhljq yduldeohv/ {

lw>
duh h{rjhqrxv/ dqg Mrkdqvhq*v dssurdfk qhhgv wr eh prglhg wr wdnh wklv lqwr
dffrxqw1 Dssursuldwh phwkrgv iru hvwlpdwlqj uhgxfhg udqn uhjuhvvlrqv frqwdlq0
lqj h{rjhqrxv uhjuhvvruv kdyh ehhq ghyhorshg e| Kduer/ Mrkdqvhq/ Qlhovhq dqg
Udkehn +4<<;,/ dqg Shvdudq/ Vklq dqg Vplwk +5333,1
Wr hvwlpdwh wkh frxqwu|0vshflf prghov vxemhfw wr uhgxfhg udqn uhvwulfwlrqv
zh uvw uhzulwh +814, lq wkh huuru0fruuhfwlrq irup
{lw @ dl3 . dl4w +Lnl l,{l>w4 . +l3 .l4,{

l>w4
.+l3 .l4,gw4 .l3{

lw .l3gw . %lw>
ru xvlqj +614,
{lw @ dl3.dl4w +DlEl,}l>w4.Flgw4.l3{

lw .l3gw . %lw> +D14,
zkhuh Fl @l3 .l4> }lw @ +{
3
lw>{
3
lw,
3
>dqg Dl dqg El duh ghqhg e| +616,1 Wr
dyrlg wkh sureohp ri lqwurgxflqj txdgudwlf wuhqgv lq wkh ohyho ri wkh yduldeohv
zkhq +DlEl, lv udqn ghflhqw zh dovr lpsrvh wkh uhvwulfwlrqv +81<,/ qdpho|
dl4 @ +DlEl,l1 Xqghu wkhvh uhvwulfwlrqv +D14, ehfrphv
{lw @ fl3 lyl>w4 .l3{

lw .l3gw . %lw> +D15,
zkhuh
fl3 @ dl3 . +DlEl,l> +D16,
l @ +DlEl>Fl>+DlEl,l,> +D17,
yl>w4 @
3
C
}l>w4
gw4
w 4
4
D
= +D18,
l lv d nl  +nl . n
 . v . 4, pdwul{ dqg surylghv lqirupdwlrq rq wkh orqj0uxq
ohyho uhodwlrqvklsv wkdw pd| h{lvw dprqjvw wkh yduldeohv ri wkh prgho1 Lq wkh
fdvh zkhuh doo wkh yduldeohv/ }lw dqg gw> duh L+4, dqg duh qrw frlqwhjudwhg wkhq
l zloo eh htxdo wr }hur dqg +D15, uhgxfhv wr wkh uvw glhuhqfhg prgho
6:
{lw @ dl3 .l3{

lw .l3gw . %lw= +D19,
Lw lv lqwhuhvwlqj wr qrwh wkdw wklv vshflfdwlrq ohdgv wr udqgrp zdon prghov
+dxjphqwhg e| rlo sulfh fkdqjhv, iru wkh joredo yduldeohv/ }w1 Xvlqj wkh vroxwlrq
whfkqltxh ri Vhfwlrq 6/ zh kdyh
J}w @ d3.3gw.%w>
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zkhuh J dqg 3 duh ghqhg e| +61:, dqg +815,/ uhvshfwlyho|1 Wkhuhiruh/ dv
dqwlflsdwhg e| wkh dqdo|vlv ri Vhfwlrq 7/ wkhuh zloo eh qr orqj0uxq uhodwlrqvkls
lq wkh joredo prgho li wkhuh duh qr orqj0uxq uhodwlrqv lq wkh xqghuo|lqj uhjlrqdo
prghov1
Exw lq jhqhudo gxh wr orqj0whup lqwhu0olqndjhv wkdw h{lvw ehwzhhq grphvwlf
dqg iruhljq yduldeohv dv zhoo dv ehwzhhq wkh grphvwlf yduldeohv wkhpvhoyhv +hj
wkh prqh| ghpdqg htxdwlrq wkdw uhodwhv plw  slw wr lw dqg |lw, rqh zrxog
h{shfw l wr eh qrq0}hur exw udqn ghflhqw1 Wkh udqn ri l lghqwlhv wkh
qxpehu ri orqj0uxq ru frlqwhjudwlqj uhodwlrqvklsv1 Udqn ghflhqf| dulvhv zkhq
Udqn+l, @ ul dqg ul ? nl1 Wklv frxog/ iru h{dpsoh/ eh gxh wr wkh orqj0uxq
frqqhfwlrqv wkdw h{lvw ehwzhhq grphvwlf dqg iruhljq lqwhuhvw udwhv/ sulfhv dqg
h{fkdqjh udwhv +wkurxjk wkh SSS uhodwlrqvkls,1 Lq wkh pruh jhqhudo fdvh zkhuh
l lv qrq0}hur exw frxog +srvvleo|, eh udqn ghflhqw wkh huuru0fruuhfwlrq irup
ri wkh frxqwu|0vshflf prgho +D15, qhhgv wr eh hvwlpdwhg vxemhfw wr wkh uhgxfhg
udqn uhvwulfwlrq=
Kul = Udqn+l, @ ul ? nl= +D1:,
Xqghu wkh dvvxpswlrq wkdw Udqn+l, @ ul rqh fdq zulwh
l @ l
3
l> +D1;,
zkhuh l lv d nl  ul pdwul{ ri udqn ul dqg l lv d +nl . n
 . v.4, ul pdwul{
ri udqn ul1 Xvlqj +D1;, lq +D15, zh kdyh
{lw @ fl3 l+
3
lyl>w4, .l3{

lw .l3gw . %lw> +D1<,
zkhuh 3lylw +@ lw, lv dq ul  4 yhfwru ri orqj uxq ru frlqwhjudwlqj uhodwlrqv/
dovr nqrzq dv huuru0fruuhfwlrq whupv1 Iru d jlyhq ydoxh ri l wkh uhpdlqlqj
sdudphwhuv/ qdpho| fl3> l/ l3/ l3/ dqg 	ll @ fry+%lw,/ fdq eh hvwlpdwhg e|
ohdvw vtxduhv uhjuhvvlrqv ri {lw rq lw/ {

lw/ dqg gw/ lqfoxglqj rqo| lqwhufhsw
whupv1 Uhfdoo wkdw wkh wuhqg whupv duh douhdg| lqfoxghg lq lw1 Wr hvwlpdwh l
zh qhhg uvw wr lghqwli| lwv udqn/ qdpho| wkh ydoxh ri ul1 Iru wklv sxusrvh zh fdq
xvh Mrkdqvhq*v dssurdfk vxlwdeo| prglhg wr ghdo zlwk wkh suhvhqw dssolfdwlrq
zkhuh wkh prgho frqwdlqv h{rjhqrxv L+4, uhjuhvvruv1
Vxssrvh W revhuydwlrqv duh dydlodeoh/ zlwk w @ 4> 5> ===> W 1 Vwdfnlqj wkh
revhuydwlrqv rq +D1<, zh kdyh=
[l @ fl3
3
W l
3
lYl>4 .l3[

l .l3G.Hl> +D143,
zkhuh [l  +{l4> ===>{lW ,/ W lv d W 0yhfwru ri rqhv/Yl>4  +yl3> ===>yl>W4,/
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
l4> ===>{

lW ,/ G  +g4> ===>gW , dqg Hl  +%l4> ===> %lW ,1 Wkh orj0
olnholkrrg ixqfwlrq ri wkh prgho lv jlyhq e|
cW +#l> ul, b 
W
5
oq m	llm 
4
5
Wudfh+	4ll HlH
3
l,> +D144,
zkhuh wkh sdudphwhu yhfwru #l froohfwv wrjhwkhu wkh xqnqrzq sdudphwhuv lq fl3>
l
3
l/ l3/ l3/ dqg 	ll1 Iru d jlyhq ydoxh ri l wkh hvwlpdwhv ri 	ll/ fl3/ l3/
l3 dqg l duh jlyhq e|
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1 Xvlqj wkhvh hvwlpdwhv
lq +D144, |lhogv wkh frqfhqwudwhg orj0olnholkrrg ixqfwlrq
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f
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+D14:,
zkhuh [l dqg Yl>4 duh uhvshfwlyho| wkh ROV uhvlgxdov iurp uhjuhvvlrqv ri
[l dqg Yl>4 rq +W >K
3
l,1 Ghqlqj wkh vdpsoh prphqw pdwulfhv
Vl>{{  W
4[l[
3
l> Vl>{y  W
4[l Y
3
l>4> Vl>yy  W
4 Yl>4
Y
3
l>4>
+D14;,
wkh pd{lpl}dwlrq ri wkh frqfhqwudwhg orj0olnholkrrg ixqfwlrq cfW +l> ul, ri +D14:,
uhgxfhv wr wkh plqlpl}dwlrq ri
Vl>{{  Vl>{yl 3lVl>yyl4 3lVl>y{
 @ mVl>{{m
3l Vl>yy  Vl>y{V4l>{{Vl>{yl3lVl>yyl >
zlwk uhvshfw wr l1 Wkh vroxwlrq
al wr wklv plqlpl}dwlrq sureohp/ wkdw lv/
wkh pd{lpxp olnholkrrg +PO, hvwlpdwru iru l/ lv jlyhq e| wkh hljhqyhfwruv
fruuhvsrqglqj wr wkh u odujhvw hljhqydoxhv al4 A === A alul A 3 ri
alVl>yy  Vl>y{V4l>{{Vl>{y
 @ 3> +D14<,
Wkh PO hvwlpdwru al lv lghqwlhg xs wr srvw0pxowlsolfdwlrq e| dq ul  ul qrq0
vlqjxodu pdwul{> wkdw lv/ u5l mxvw0lghqwli|lqj uhvwulfwlrqv rq l duh uhtxluhg iru h{0
dfw lghqwlfdwlrq16; Wkh uhvxowdqw pd{lpl}hg frqfhqwudwhg orj0olnholkrrg ixqf0
wlrq cfW +l> ul, dw
al ri +D14:, lv
c
f
W +ul, b 
W
5
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W
5
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m@4
oq

4 alm

= +D153,
Qrwh wkdw wkh pd{lpl}hg ydoxh ri wkh orj0olnholkrrg cfW +ul, lv rqo| d ixqfwlrq
ri wkh frlqwhjudwlrq udqn ul / nl dqg n
 . v wkurxjk wkh hljhqydoxhv ialmj
ul
m@4
ghqhg e| +D14<,16<
Wkh wdvn ri vhohfwlqj wkh frlqwhjudwlqj udqn/ ul/ iru hdfk frxqwu|2uhjlrq fdq
qrz eh fduulhg rxw xvlqj wkh orj0olnholkrrg udwlr whvwlqj surfhgxuh1 Iru h{dpsoh/
wr whvw wkh qxoo k|srwkhvlv ri frlqwhjudwlrq udqn ul/ Kul lq +D1:,/ djdlqvw wkh
dowhuqdwlyh k|srwkhvlv
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wkh uhohydqw orj0olnholkrrg udwlr vwdwlvwlf lv jlyhq e|
OU+Kul mKul.4, @ W oq+4
al>u.4,> +D154,
zkhuh alu lv wkh u0wk odujhvw hljhqydoxh iurp wkh ghwhuplqdqwdo htxdwlrq +D14<,/
ul @ 3> ===> nl  4= Wklv lv xvxdoo| uhihuuhg wr dv wkh _pd{lpxp hljhqydoxh%
vwdwlvwlf1 Wr whvw wkh qxoo k|srwkhvlv ri frlqwhjudwlrq udqn ul/ Kul > ul @ 3> ===> nl
4/ djdlqvw wkh dowhuqdwlyh k|srwkhvlv ri vwdwlrqdulw|> wkdw lv
Knl = Udqn^l` @ nl>
wkh dssursuldwh whvw vwdwlvwlf lv jlyhq e|
OU+Kul mKnl, @ W
nl[
m@ul.4
oq+4 alm,= +D155,
Wklv lv nqrzq dv wkh _wudfh vwdwlvwlf%1 Erwk ri wkh deryh vwdwlvwlfv kdyh qrq0
vwdqgdug dv|pswrwlf glvwulexwlrqv1 Exw wkhlu fulwlfdo ydoxhv duh wdexodwhg lq
Shvdudq/ Vklq dqg Vplwk +5333,173 Lq vpdoo vdpsohv frlqwhjudwlrq whvwv +wkh
pd{lpxp hljhqydoxh dv zhoo dv wkh wudfh whvwv, whqg wr kdyh orz srzhu dqg
frqvhtxhqwo| |lhog d frlqwhjudwlqj udqn zklfk lv orzhu wkdq wkh wuxh ydoxh1
Wkhuhiruh/ lq sudfwlfh lw lv dgylvdeoh wr xvh <3 shu fhqw udwkhu wkdq wkh pruh
xvxdo <8 shu fhqw ohyho zkhq fduu|lqj rxw wkh frlqwhjudwlrq whvwv1 Dovr wkh wudfh
vwdwlvwlf whqgv wr shuirup ehwwhu wkdq wkh pd{lpxp hljhqydoxh whvw1
Kdylqj fkrvhq wkh frlqwhjudwlqj udqn/ ul/ wkh hvwlpdwlrq ri l fdq eh fdu0
ulhg rxw rqfh vxlwdeoh lghqwli|lqj dqg srvvleo| ryhu0lghqwli|lqj uhvwulfwlrqv duh
lpsrvhg rq wkh hohphqwv ri 
l
1 Dv zdv qrwh deryh wkh vroxwlrq wr wkh hljhq0
ydoxh sureohp/ +D14<,/ rqo| lghqwlhv 
l
xs wr dq ul  ul qrq0vlqjxodu pdwul{1
Wr lqyhvwljdwh wkh qhfhvvdu| lghqwlfdwlrq frqglwlrq lq wkh suhvhqw dssolfdwlrq
sduwlwlrq 
l
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3
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w=
Wr lghqwli| 
l
lw lv rqo| qhfhvvdu| wkdw 
l{
+dq nl ul pdwul{,/ qdpho| wkh sduw
ri 
l
zklfk fruuhvsrqgv wr wkh hqgrjhqrxv yduldeohv/ {lw/ duh lghqwlhg1 Iru
wklv sxusrvh zh qhhg d wrwdo ri u
5
l
uhvwulfwlrqv> ul uhvwulfwlrqv rq hdfk ri wkh ul
urzv ri 
l{
1 Qrwlfh wkdw lq wkh vwdwlrqdu| fdvh zkhuh ul @ nl wkh lghqwlfdwlrq
ri wkh orqj uxq uhodwlrqv lqyroyhv vhwwlqj 
l{
@ Lnl 1 Lq fdvhv zkhuh ul ? nl/
h{dfw lghqwlfdwlrq ri 
l
fdq eh dfklhyhg e| vhwwlqj 3
l{
@ +Lul
1
1
1Tl,/ zkhuh Tl
lv dq ul  +nl  ul, pdwul{ ri {hg frhflhqwv wr eh hvwlpdwhg iuhho|1 Rwkhu
w|shv ri lghqwli|lqj uhvwulfwlrqv/ edvhg rq d sulrul hfrqrplf wkhru| fdq dovr
eh hqwhuwdlqhg1 Exw doo h{dfwo| lghqwli|lqj uhvwulfwlrqv |lhog wkh vdph hvwlpdwh
ri l/ dqg khqfh iru iruhfdvwlqj dqg lpsxovh uhvsrqvh dqdo|vlv wkh uhvxowv zloo
eh lqyduldqw wr wkh fkrlfh ri h{dfw lghqwli|lqj uhvwulfwlrqv1 Lq zkdw iroorzv
zh vxjjhvw xvlqj wkh h{dfw lghqwli|lqj uhvwulfwlrqv 3
l{
@ +Lul
1
1
1Tl,/ zklfk duh
uhodwlyho| vlpsoh wr lpsohphqw1
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Ilqdoo|/ lw pd| dovr eh ghvludeoh wr whvw wkh uhvwulfwlrqv wkdw doo ru vrph
ri wkh hohphqwv ri 
l{
> 
lg
dqg 
l
duh htxdo wr }hur1 Iru h{dpsoh/ zkloh lw
pd| eh uhdvrqdeoh wr h{shfw fkdqjhv lq rlo sulfhv wr lqxhqfh rxwsxw fkdqjhv/
exw lw pd| eh ghvludeoh wr lpsrvh wkh uhvwulfwlrq 
lg
@ 31 Vlploduo| rqh fdq
lpsrvh wkh fr0wuhqglqj uhvwulfwlrqv 
l
@ 31 Fohduo|/ lw lv dovr srvvleoh wr whvw
wkh ydolglw| ri vxfk uhvwulfwlrqv e| orj0olnholkrrg udwlr whvwv174 Kdylqj hvwlpdwhg

l
wkh uhpdlqlqj sdudphwhuv fdq eh hvwlpdwhg dorqj wkh olqhv vxjjhvwhg deryh1
Vhh +D145, wr +D149,1
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Wkh sulpdu| yduldeohv +glvdjjuhjdwhg e| frxqwu|2uhjlrq zkhq dssolfdeoh, xvhg
lq wklv vwxg| duh=
\ = Jurvv Grphvwlf Surgxfw +JGS,
S = Jhqhudo Sulfh Lqgh{
T = Htxlw| Sulfh Lqgh{
H = H{fkdqjh Udwh
U = Lqwhuhvw Udwh
P = Prqh| Vxsso|
SR = Rlo Sulfh
E1414 Rxwsxw +JGS,
Wkh vrxufh iru doo 5< frxqwulhv lv wkh LIV JGS +4<<3, vhulhv1 Iudqfh/ Jhupdq|/
Lwdo|/ Mdsdq/ Ph{lfr/ wkh Qhwkhuodqgv/ Vsdlq/ Vzlw}huodqg/ XN dqg XVD duh doo
iurp vhulhv EU/ dqg wkh uhpdlqlqj frxqwulhv duh iurp vhulhv ES1
Zkhuh txduwhuo| gdwd zhuh qrw dydlodeoh +lh/ iru Eud}lo/ Fklqd/ Lqgrqhvld/
Nxzdlw/ Pdod|vld/ Srodqg/ Vdxgl Dudeld/ Vlqjdsruh/ Wkdlodqg dqg Wxunh|,/
txduwhuo| vhulhv zhuh lqwhusrodwhg olqhduo| iurp wkh dqqxdo vhulhv1 Iru Vlqjdsruh/
Pdod|vld dqg Wkdlodqg/ lqwhusrodwhg vhulhv zhuh xvhg rqo| gxulqj wkh shulrgv
4<:<04<<5/ 4<:<04<<9 dqg 4<:<04<<8/ uhvshfwlyho|1 Txduwhuo| rxwsxw vhulhv zhuh
dydlodeoh iru wkh vxevhtxhqw shulrgv1 Gdwd iru wkh F}hfk Uhsxeolf zhuh dydlodeoh
iurp 4<<5T7 rqo|1
Iru wkh shulrg ehiruh Jhupdq uhxqlfdwlrq/ lq 4<<3T7/ Zhvw Jhupdq jurzwk
udwhv zhuh xvhg1 Wkh jurzwk udwh iurp 4<;;T6 wr 4<<3T6 zdv xvhg wr frpsxwh
d cxqlhg* rxwsxw vhulhv iru 4<<3T71
Wkh gdwd iru Nxzdlw dqg Shux zhuh uhedvhg wr 4<<3 xvlqj FSL iru wkrvh
frxqwulhv/ dqg wkh qrplqdo JGS iru Srodqg zdv ghdwhg wr uhdo +4<<3 edvh,
xvlqj FSL1
Wkh gdwd iru Dujhqwlqd dqg Vlqjdsruh zhuh vhdvrqdoo| dgmxvwhg1
E1415 Jhqhudo Sulfh Lqglfhv
Wkh gdwd vrxufh iru doo frxqwulhv h{fhsw Fklqd zdv wkh LIV Frqvxphu Sulfh
Lqgh{ Vhulhv c97*1 D ixoo vdpsoh zdv dydlodeoh iru doo frxqwulhv h{fhsw Eud}lo/
zkhuh 4<:< gdwd zdv xqdydlodeoh/ dqg d edfnfdvw xvlqj wkh dyhudjh jurzwk udwh
ri sulfhv iru 4<;3 zdv hpsor|hg1
E1416 Htxlw| Sulfh Lqglfhv
Wkhuh zhuh qr gdwd iru Fklqd/ F}hfk Uhsxeolf/ Srodqg/ Uxvvld ru Vdxgl Dudeld1
Iru Dxvwuld zh xvhg Prujdq Vwdqoh| Fdslwdo Lqwhuqdwlrqdo +PVFL, vhulhv1
Iru Ehojlxp/ Lqgrqhvld/ Lwdo|/ Pdod|vld/ Vlqjdsruh/ Vsdlq/ Vzlw}huodqg/ Wkdl0
odqg/ dqg Wxunh| zh xvhg Gdwdvwuhdp/ xvlqj txduwhuo| dyhudjhv iurp gdlo| re0
vhuydwlrqv1 Krzhyhu/ zh xvhg txduwhuo| dyhudjh ri zhhno| gdwdsrlqwv/ dv rssrvhg
wr gdlo| revhuydwlrqv/ iru Dujhqwlqd1 Wkh gdwd iru Pdod|vld zdv pdunhw fds
zhljkwhg1
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Zh xvhg LIV gdwd iru Eud}lo/ Fkloh/ Iudqfh/ Jhupdq|/ Mdsdq/ Nruhd/ Ph{lfr/
Wkh Qhwkhuodqgv/ Shux/ Sklolsslqhv/ XN dqg XVD1 Lqglfhv iru vkduh sulfhv +LIV
frgh _95%, jhqhudoo| uhodwhg wr frpprq vkduhv ri frpsdqlhv wudghg rq qdwlrqdo
ru iruhljq vwrfn h{fkdqjhv1 Prqwko| lqglfhv zhuh rewdlqhg dv vlpsoh dulwkphwlf
dyhudjhv ri wkh gdlo| ru zhhno| revhuydwlrqv+_]I%,1
Wkhvh qrplqdo htxlw| sulfh lqglfhv zhuh ghdwhg e| wkh qrq0vhdvrqdoo| dg0
mxvwhg jhqhudo sulfh lqglfhv1 Wkh uhvxowdqw uhdo vhulhv zhuh wkhq dgmxvwhg iru+srvvleoh,
vhdvrqdo yduldwlrqv1
E1417 H{fkdqjh Udwhv
LIV vhulhv cui* zdv xvhg iru doo frxqwulhv1 Gdwd iru wkh F}hfk Uhsxeolf zdv
dydlodeoh rqo| iurp 4<<6T41 Wkh gdwd zdv wkh shulrg dyhudjh xvlqj wkh rfldo
ru sulqflsdo udwh
E1418 Lqwhuhvw Udwhv
Lqwhuhvw Udwh gdwd zdv wdnhq iurp LIV Vhulhv c93E*/ wkh prqh| pdunhw udwh/ zlwk
wkh iroorzlqj h{fhswlrqv= iru Dujhqwlqd/ Fkloh/ Fklqd/ Vdxgl Dudeld dqg Wxunh|
zh xvhg wkh LIV ghsrvlw udwh> iru wkh F}hfk Uhsxeolf dqg Shux zh xvhg wkh LIV
glvfrxqw udwh> iru Kxqjdu| dqg wkh Sklolsslqhv zh xvhg wkh LIV Wuhdvxu| udwh>
dqg iru Srodqg zh xvhg wkh LIV ohqglqj udwh1 Gdwd iru wkh F}hfk Uhsxeolf zdv
dydlodeoh rqo| iurp 4<<6T41
E1419 Prqh| Vxsso|
Wkh Prqh| Vxsso| gdwd vrxufh iru doo frxqwulhv zdv wkh vxp ri LIV vhulhv 67
+prqh|, dqg vhulhv 68 +txdvl0prqh|,1 Doo vhulhv zhuh vhdvrqdoo| dgmxvwhg1 Wkh
gdwd iru Dujhqwlqd/ Eud}lo/ Shux dqg Wxunh| uhtxluhg d ghflpdo sodfh dgmxvwphqw
wr pdnh wkh Prqh|=JGS udwlr uhdvrqdeoh1
Iru Ehojlxp/ zh xvhg txduwhuo| gdwd iru doo txdvl0prqh|> iru prqh| zh
xvhg dqqxdo gdwd frqyhuwhg wr txduwhuo| wkurxjk lqwhusrodwlrq xs wr 4<<3/ dqg
txduwhuo| gdwd iurp 4<<3T7 wr 4<<<T41
Wkhuh zhuh qr gdwd iru Kxqjdu| iurp 4<:<04<;51 Iurp 4<;504<;: zh xvhg
dqqxdo gdwd frqyhuwhg wr txduwhuo| wkurxjk lqwhusrodwlrq1 Txduwhuo| gdwd zhuh
dydlodeoh iurp 4<;:T7 wr 4<<<T41
Zh xvhg dqqxdo gdwd frqyhuwhg wr txduwhuo| wkurxjk lqwhusrodwlrq iru wkh
Sklolsslqhv dqg Srodqg/ iru wkh Sklolsslqhv wklv zdv qhfhvvdu| iru wkh shulrg
4<;704<;9 rqo| vlqfh txduwhuo| gdwd zhuh dydlodeoh wkhuhdiwhu1 Wkhuh zhuh qr
txduwhuo| gdwd iru Vdxgl Dudeld iru 4<;6/ dqg wkhuhiruh dqqxdo gdwd zhuh xvhg
iru wkdw |hdu1
Gdwd iru wkh F}hfk Uhsxeolf zhuh dydlodeoh rqo| iurp 4<<6T41
E141: Rlo Sulfh Lqgh{
Iru rlo sulfhv zh xvhg prqwko| dyhudjhv ri Euhqw Fuxgh vhulhv iurp Gdwdvwuhdp1
3)   	
 %

 
Wlph vhulhv revhuydwlrqv dw wkh uhjlrqdo ohyho zhuh frqvwuxfwhg dv zhljkwhg dy0
hudjhv ri fruuhvsrqglqj frxqwu|0vshflf vhulhv dv vhw rxw lq htxdwlrqv +;143,
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dqg +;144,1 Iru zhljkwv zh xvhg wkh JGS vkduhv ri hdfk frxqwu| lq wkh uhjlrq/
frpsxwhg dv wkdw frxqwu|*v SSS0dgmxvwhg JGS glylghg e| wkh wrwdo SSS2XVG
JGS ri wkh uhjlrq1 Lq rughu wr dyrlg wkh xvh ri wlph0ydu|lqj zhljkwv/ zh fkrrvh
d uhodwlyho| uhfhqw wlph shulrg iru zklfk SSS gdwd lv dydlodeoh/ qdpho| 4<<91
Qrw doo wlph vhulhv zhuh dydlodeoh iru doo frxqwulhv ryhu wkh hqwluh vdpsoh
shulrg1 Dv d uhvxow wkh frpsrvlwlrq ri wkh uhjlrqdo vhulhv lv doorzhg wr fkdqjh dv
gdwd rq vshflf frxqwulhv ehfrph dydlodeoh1 Iru h{dpsoh/ li gdwd lv qrw dydlodeoh
iru d jlyhq frxqwu| ryhu wkh uvw ihz shulrgv lq wkh vdpsoh/ d }hur zhljkw lv
dwwdfkhg wr wklv frxqwu| zlwk wkh zhljkwv ri wkh uhpdlqlqj frxqwulhv lq wkh
uhjlrq dgmxvwhg wr hqvxuh wkdw wkh vxp ri wkh zhljkwv dgg xs wr xqlw|1 Rqfh
gdwd ehfrphv dydlodeoh iru wkh frxqwu| lq txhvwlrq/ wkh zhljkwv duh uhglvwulexwhg
dqg wkh qhz lqirupdwlrq lv ciroghg lqwr* wkh gdwdvhw1
Iruhljq yduldeohv duh frqvwuxfwhg xqltxho| iru hdfk uhjlrq1 Iru h{dpsoh/
iruhljq prqh| vxsso| p iru Zhvwhuq Hxursh lv glhuhqw iurp p iru Odwlq
Dphulfd1 Zh xvh wkh wudgh vkduhv wr dssursuldwho| zhljkw wkh lqxhqfh ri
iruhljq uhjlrqv rq d vshflhg uhjlrq*v hfrqrp|1 Xvlqj dq lqwhu0uhjlrqdo wudgh
pdwul{/ zh uvw frpsxwh wkh wudgh vkduhv iru hdfk uhjlrq zlwk d jlyhq frxqwu|
+hj1 wkh shufhqw ri Dujhqwlqd*v wudgh ruljlqdwlqj iurp wkh Zhvwhuq Hxursh,/
dqg wkhq djjuhjdwh dfurvv frxqwulhv edvhg rq wkh wudgh zhljkwv ri wkh frxqwulhv
zlwklq wkh uhjlrq1
Wkh zhljkwv xvhg wr djjuhjdwh/ dfurvv frxqwulhv/ wkh iruhljq yduldeohv qhhg
wr eh frqvwuxfwhg zlwk fduh1 Vlqfh hdfk vwduuhg yduldeoh lv d zhljkwhg dyhudjh
ri uhjlrqdo vwduuhg yduldeohv/ li d jlyhq uhjlrq*v { yduldeoh lv qrw dydlodeoh/ wkhq
wkh zhljkwhg dyhudjh pxvw eh dgmxvwhg wr uhhfw wkh idfw wkdw wkh iruhljq ydul0
deoh lv qrw frpsulvhg ri doo wkh { yduldeohv1 Wklv fdq hdvlo| eh dffrpsolvkhg1
Iru h{dpsoh/ vxssrvh wkdw zh duh frpsxwlqj wkh Jhupdq tdqg wkdw {( ri
Jhupdq|*v wudgh lv zlwk Wxunh|1 Krzhyhu/ Wxunh|*v htxlw| lqgh{ lv qrw dydlo0
deoh1 Zkhq zh wdnh d zhljkwhg dyhudjh ri Jhupdq|*v wudglqj sduwqhuv* htxlw|
lqglfhv/ zh zloo eh hhfwlyho| rqo| zhljkwlqj +40{,(/ vlqfh wkh Wxunlvk lqgh{ lv
xqdydlodeoh1 Zh fdq wkhq glylgh rxu uhvxow e| +40{,( wr |lhog wkh dssursuldwh
t
 iru Jhupdq|1 Ilqdoo|/ iru uhjlrqv zlwk pruh wkdq rqh phpehu frxqwu|/ wkhuh
h{lvwv clqwud0uhjlrqdo* wudgh +lh1 wudgh ehwzhhq frxqwulhv lq wkh vdph uhjlrq,
wkdw zloo qrw dsshdu lq wkh ciruhljq* +vwduuhg, yduldeohv1 Dv vxfk/ wkh zhljkwv
zloo vxp wr ohvv wkdq rqh1
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Table 5 
In-Sample Root Mean Square Forecast Errors (in per cent) 
(1979Q3-1999Q1) 
 
 
 
Factor 
 
 
Country/Region 
 
 
GVAR  
Model 
 
Benchmark 
Model1 
 
Real Output 
 
USA 
 
0.701 
 
0.790 
 Western Europe 0.264 0.432 
 Germany 0.807 0.926 
 Japan 0.683 0.863 
 South East Asia 0.502 1.100 
 Latin America 0.586 0.769 
 China 1.000 1.060 
 Middle East 0.598 0.705 
 Central Europe 2.590 3.480 
Average across regions 1.070 1.410 
 
Inflation 
 
USA 
 
0.467 
 
0.507 
 Western Europe 0.294 0.347 
 Germany 0.367 0.510 
 Japan 0.365 0.587 
 South East Asia 0.743 1.130 
 Latin America 7.750 9.200 
 China 0.686 0.744 
 Middle East 2.560 3.570 
 Central Europe 6.750 7.740 
Average across regions 3.550 4.220 
 
Interest Rate 
 
USA 
 
0.269 
 
0.265 
 Western Europe 0.109 0.151 
 Germany 0.092 0.139 
 Japan 0.107 0.165 
 South East Asia 0.386 0.450 
 Latin America 10.600 10.900 
 China 0.111 0.147 
 Middle East 0.958 1.300 
 Central Europe 0.932 1.190 
Average across regions 3.560 3.680 
 
Real Equity Price 
 
USA 
 
6.060 
 
6.090 
 Western Europe 7.080 6.930 
 Germany 8.910 8.110 
 Japan 7.230 7.760 
 South East Asia 8.660 10.600 
 Latin America 17.000 17.600 
 China - - 
 Middle East - - 
 Central Europe - - 
Average across regions 9.860 10.300 
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 Table 5 (continued) 
 
In-Sample Root Mean Square Forecast Errors (in per cent) 
(1979Q3-1999Q1) 
 
 
Real Exchange Rate 
 
USA 
 
- 
 
- 
 Western Europe 4.090 4.680 
 Germany 4.590 5.020 
 Japan 5.380 5.580 
 South East Asia 4.310 5.650 
 Latin America 4.160 4.830 
 China 5.200 5.710 
 Middle East 3.710 4.350 
 Central Europe 5.080 6.370 
Average across regions 4.600 5.310 
 
Real Money Balances 
 
USA 
 
1.100 
 
1.250 
 Western Europe 1.630 1.730 
 Germany 1.590 1.710 
 Japan 0.851 1.220 
 South East Asia 1.470 1.620 
 Latin America 5.090 5.590 
 China 4.030 4.590 
 Middle East 0.965 1.170 
 Central Europe 5.580 7.130 
Average across regions 3.040 3.590 
1
 The following random walk models with drifts were used as benchmarks: 
 
The drift parameters were estimated using the in-sample observations. 
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Table 6 
Generalized Impulse Responses of a Negative 
One Standard Error Shock to US Equity Prices 
 
Region Quarters after Shock 
 0 1 2 3 4 8 12 20 
 on equity prices (%) 
USA -6.5 -6.6 -6.7 -6.7 -6.7 -6.6 -6.5 -6.3 
Western Europe -3.6 -5.2 -6.5 -7.7 -8.6 -10.9 -12.2 -12.8 
Germany -5.8 -6.5 -7.4 -8.1 -8.6 -9.2 -9.2 -8.4 
Japan -2.4 -3.1 -3.7 -4.3 -4.7 -6.1 -7.1 -8.2 
South East Asia -3.0 -3.9 -4.7 -5.4 -6.3 -9.3 -11.8 -14.5 
Latin America -5.5 -5.5 -6.4 -7.5 -8.5 -11.0 -12.4 -13.6 
China - - - - - - - - 
Middle East - - - - - - - - 
Central Europe - - - - - - - - 
 on output (%) 
USA -0.09 -0.24 -0.32 -0.37 -0.39 -0.41 -0.39 -0.37 
Western Europe -0.04 -0.14 -0.20 -0.25 -0.31 -0.62 -0.85 -0.10 
Germany 0.01 -0.11 -0.20 -0.25 -0.29 -0.55 -0.82 -0.12 
Japan 0.13  0.14 0.14 0.13 0.11 0.06 -0.23  -0.43 
South East Asia -0.02 -0.07 -0.11 -0.16 -0.23 -0.55 -0.87 -1.28 
Latin America -0.03 -0.12 -0.23 -0.34 -0.45 -0.78 -1.00 -1.22 
China 0.25 0.35 0.42 0.44 0.45 0.35 0.22 0.09 
Middle East -0.08 -0.04 -0.02 0.00 0.03 0.04 0.00 -0.12 
Central Europe -0.20 0.47 0.46 0.43 0.52 1.05 1.45 1.93 
 on inflation (%) 
USA 0.11 0.01 -0.04 -0.07 -0.08 -0.08 -0.08 -0.06 
Western Europe 0.59  0.69 0.08 0.07 0.07 0.04 0.63 -0.05 
Germany 0.02 0.76 -0.01 -0.03 -0.39 -0.08 -0.12 -0.17 
Japan -0.06 -0.03 -0.51 -0.06 -0.07 -0.10 -0.13 -0.16 
South East Asia -0.05 -0.59 -0.09 -0.10 -0.10 -0.13 -0.18 -0.26 
Latin America 1.22 1.59 1.09 1.04 0.39 1.60 1.89 2.17 
China 0.03 0.08 0.15 0.19 0.22 0.31 0.32 0.29 
Middle East 0.72 0.39 0.42 0.35 0.30 0.08 -0.10 -0.29 
Central Europe -0.29 -0.71 -1.09 -1.11 -0.99 -0.08 -0.86 -1.64 
 on interest rate (%) 
USA 0.02 0.19 -0.74 -0.01 -0.01 -0.02 -0.01 -0.01 
Western Europe  0.49 0.12 0.26 0.40 0.26 -0.01 -0.03 -0.06 
Germany 0.23 -0.01 -0.03 -0.06 -0.08 -0.15 -0.23 -0.36 
Japan 0.02 0.02 0.02 0.01 0.79 -0.01 -0.02 -0.06 
South East Asia -0.02 0.88 0.01 0.02 0.02 0.03 0.02 0.77 
Latin America 1.75 1.35 1.19 1.27 1.42 1.89 2.19 2.47 
China 0.02 -0.22 0.92 0.02 0.03 0.06 0.07 0.06 
Middle East 0.21 0.17 0.24 0.27 0.31 0.44 0.54 0.65 
Central Europe -0.18 -0.20 -0.20 -0.23 -0.24 -0.29 -0.43 -0.71 
 on real exchange rate (%) 
USA - - - - - - - - 
Western Europe -0.54 0.33 0.93 1.45 1.92 3.44 4.44 5.24 
Germany -1.63 -1.70 -1.89 -1.97 -1.90 -1.05 0.08 2.39 
Japan -0.37 -0.32 -0.44 -0.48 -0.46 -0.19 0.10 0.49 
South East Asia 0.37 0.12 0.07 0.09 0.13 0.35 0.52 0.70 
Latin America 0.52 0.74 1.03 1.41 1.79 3.00 3.82 4.66 
China 1.01 0.35 -0.36 -0.89 -1.29 -2.25 -2.55 -2.48 
Middle East -0.58 -0.88 -1.21 -1.50 -1.71 -2.10 -2.08 -1.64 
Central Europe 0.70 -0.74 -1.98 -2.92 -3.62 -5.00 -5.67 -6.93 
 
 Table 7 
Generalized Impulse Responses of a Positive 
One Standard Error Shock to US Interest Rates 
 
Region Quarters after Shock 
 0 1 2 3 4 8 12 20 
 on equity prices (%) 
USA -0.40 -0.49 -0.52 -0.52 -0.51 -0.42 -0.34 -0.32 
Western Europe -0.05 -0.45 -0.72 -0.93 -1.15 -2.03 -2.98 -4.49 
Germany -1.37 -1.20 -0.92 -0.73 -0.62 -0.67 -1.16 -1.96 
Japan -0.11 -0.40 -0.56 -0.68 -0.80 -1.26 -1.73 -2.47 
South East Asia -0.75 -0.93 -1.12 -1.41 -1.74 -3.26 -4.69 -6.71 
Latin America -3.28 -3.80 -4.72 -5.61 -6.37 -8.49 -9.84 -11.38 
China - - - - - - - - 
Middle East - - - - - - - - 
Central Europe - - - - - - - - 
 on output (%) 
USA 0.33 0.25 0.21 0.18 0.17 0.16 0.17 0.19 
Western Europe 0.41 0.35 0.37 0.03 0.92 -0.15 -0.32 -0.59 
Germany 0.13 0.18 0.21 0.23 0.27 0.30 0.28 0.15 
Japan 0.06 -0.02 -0.01 -0.26 0.49 -0.83 -0.02 -0.06 
South East Asia -0.03 -0.09 -0.12 -0.15 -0.18 -0.36 -0.54 -0.79 
Latin America -0.05 -0.16 -0.27 -0.37 -0.47 -0.75 -0.94 -1.15 
China 0.69 0.02 0.68 -0.04 -0.07 -0.18 -0.23 -0.28 
Middle East -0.08 -0.10 -0.12 -0.14 -0.16 -0.23 -0.31 -0.41 
Central Europe 0.22 0.12 0.15 0.20 0.27 0.46 0.57 0.81 
 on inflation (%) 
USA 0.17 0.12 0.09 0.08 0.70 0.07 0.08 0.09 
Western Europe 0.03 0.05 0.06 0.05 0.05 0.04 0.02 -0.11 
Germany 0.01 0.04 0.03 0.03 0.02 -0.49 -0.01 -0.37 
Japan -0.04 0.06 0.03 0.34 0.30 0.21 0.87 -0.01 
South East Asia 0.22 0.03 -0.04 -0.05 -0.06 -0.09 -0.13 -0.19 
Latin America -0.28 -0.78 -0.91 -0.88 -0.80 -0.54 -0.36 -0.11 
China 0.09 0.16 0.19 0.19 0.20 0.21 0.22 0.22 
Middle East 0.27 0.20 0.13 0.07 0.03 -0.08 -0.16 -0.26 
Central Europe -0.44 0.17 0.72 1.17 1.53 2.26 2.45 2.37 
 on interest rate (%) 
USA 0.28 0.28 0.26 0.26 0.26 0.26 0.26 0.26 
Western Europe -0.88 0.01 0.03 0.08 0.05 0.08 0.08 0.07 
Germany 0.81 0.04 0.05 0.07 0.08 0.11 0.12 0.10 
Japan -0.02 -0.59 0.14 0.21 0.26 0.04 0.05 0.05 
South East Asia 0.11 0.08 0.07 0.08 0.08 0.09 0.09 0.07 
Latin America -0.49 -0.68 -0.69 -0.60 -0.51 -0.22 -0.01 0.26 
China -0.67 0.45 0.02 0.03 0.03 0.04 0.04 0.04 
Middle East 0.05 0.05 0.05 0.05 0.05 0.08 0.12 0.20 
Central Europe -0.01 0.04 0.12 0.21 0.29 0.44 0.45 0.38 
 on real exchange rate (%) 
USA - - - - - - - - 
Western Europe 0.60 0.97 1.30 1.57 1.81 2.66 3.42 4.50 
Germany 0.47 1.30 1.67 1.82 1.87 0.18 1.75 1.90 
Japan 0.25 0.47 0.39 0.40 0.42 0.55 0.66 0.84 
South East Asia 0.44 -0.40 -0.58 -0.59 -0.58 -0.54 -0.52 -0.47 
Latin America -0.48 -0.20 0.15 0.51 0.84 1.85 2.52 3.30 
China 0.05 -0.41 -0.78 -0.97 -1.08 -1.25 -1.32 -1.45 
Middle East 0.06 -0.31 -0.10 -0.12 -0.10 0.02 0.19 0.52 
Central Europe 0.10 0.04 0.18 0.51 0.91 2.23 2.69 2.41 
Table 8 
Generalized Impulse Responses of a One Standard Error 
Negative Shock to South East Asia Equities 
 
Region Quarters after Shock 
 0 1 2 3 4 8 12 20 
 on equity prices (%) 
USA 0.28 0.38 0.43 0.46 0.48 0.54 0.59 0.67 
Western Europe -0.12 -1.57 -2.09 -2.65 -3.17 -4.68 -5.57 -6.29 
Germany -1.85 -2.07 -2.41 -2.76 -3.06 -3.82 -4.14 -4.10 
Japan 1.25 1.02 0.79 0.52 0.25 -0.72 -1.40 -2.08 
South East Asia -8.28 -9.19 -10.21 -11.18 -12.05 -14.75 -16.57 -18.40 
Latin America -0.57 -0.85 -1.09 -1.33 -1.58 -2.45 -3.07 -3.69 
China - - - - - - - - 
Middle East - - - - - - - - 
Central Europe - - - - - - - - 
 on output (%) 
USA -0.03 -0.59 0.01 0.03 0.04 0.05 0.06 0.07 
Western Europe 0.02 -0.02 -0.04 -0.06 -0.08 -0.20 -0.33 -0.46 
Germany -0.10 -0.13 -0.15 -0.16 -0.17 -0.24 -0.34 -0.55 
Japan 0.07 0.13 0.18 0.20 0.22 0.22 0.18 0.09 
South East Asia -0.08 -0.20 -0.34 -0.47 -0.60 -0.99 -1.25 -1.53 
Latin America 0.03 0.01 0.04 0.07 0.09 -0.18 -0.25 -0.35 
China -0.65 -0.14 -0.16 -0.17 -0.18 -0.27 -0.33 -0.40 
Middle East 0.07 0.15 0.20 0.24 0.27 0.36 0.38 0.37 
Central Europe 0.05 -0.05 -0.03 0.15 0.03 0.14 0.33 0.60 
 on inflation (%) 
USA -0.05 -0.03 -0.02 -0.79 -0.20 -0.79 0.01 0.02 
Western Europe 0.03 0.24 0.02 0.02 0.02 0.01 -0.30 -0.03 
Germany 0.03 -0.02 -0.02 -0.03 -0.34 -0.05 -0.07 -0.10 
Japan -0.09 -0.05 -0.54 -0.05 -0.06 -0.09 -0.11 -0.13 
South East Asia -0.14 -0.11 -0.09 -0.10 -0.13 -0.02 -0.03 -0.04 
Latin America -0.20 0.26 0.32 0.35 0.36 0.42 0.51 0.66 
China 0.07 0.05 0.06 0.07 0.08 0.08 0.07 0.05 
Middle East 0.07 0.04 0.18 0.17 0.15 0.52 -0.14 -0.28 
Central Europe -0.03 -0.40 -0.10 -0.18 -0.25 -0.31 -0.35 -0.66 
 on interest rate (%) 
USA 0.88 0.01 0.01 0.02 0.02 0.02 0.02 0.02 
Western Europe -0.21 0.11 0.32 0.32 0.33 0.30 -0.29 -0.02 
Germany -0.03 -0.03 -0.03 -0.04 -0.05 -0.08 -0.11 -0.17 
Japan -0.02 -0.02 0.02 -0.61 0.26 0.01 0.55 -0.01 
South East Asia 0.06 0.23 0.02 0.01 0.52 -0.01 -0.03 -0.05 
Latin America 0.12 0.25 0.31 0.35 0.37 0.47 0.58 0.72 
China -0.79 -0.22 0.45 0.74 0.96 0.01 0.89 -0.11 
Middle East 0.09 -0.13 -0.01 -0.10 -0.10 -0.05 -0.78 0.06 
Central Europe 0.06 -0.26 -0.04 -0.06 -0.07 -0.12 -0.17 -0.03 
 on real exchange rate (%) 
USA - - - - - - - - 
Western Europe -0.21 0.11 0.32 0.32 0.33 0.30 -0.29 -0.02 
Germany -0.03 -0.03 -0.03 -0.04 -0.05 -0.08 -0.11 -0.17 
Japan -0.02 -0.02 -0.02 -0.61 0.21 0.01 0.55 -0.01 
South East Asia 0.06 0.23 0.02 0.01 0.52 -0.01 -0.03 -0.05 
Latin America 0.12 0.25 0.31 0.35 0.37 0.47 0.58 0.72 
China -0.79 0.22 0.45 0.74 0.96 0.01 0.89 -0.11 
Middle East 0.09 -0.13 -0.11 -0.10 -0.10 -0.05 -0.78 0.06 
Central Europe 0.06 -0.26 -0.04 -0.06 -0.07 -0.12 -0.17 -0.31 
 
Figure 1
Impulse Response of a Negative Unit (-1 SE) Shock to US Real Equity 
Prices on Real Equity Prices Across Regions
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Figure 2
Impulse Response of a Negative Unit (-1 SE) Shock to US Real Equity 
Prices on Real Output Across Regions
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Figure 3
Impulse Response of a Positive Unit (+1 SE) Shock to US Interest 
Rates on Real Equity Prices Across Regions
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Figure 4
Impulse Response of a Positive Unit (+1 SE) Shock to US Interest Rates 
on Real Output Across Regions
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Figure 5
Impulse Response of a Negative Unit (-1 SE) Shock to Equity Markets in SE 
Asia on Real Equity Prices Across Regions
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Figure 6
Impulse Response of a Negative Unit (-1 SE) Shock to Equity Markets 
in SE Asia on Real Output Across Regions
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